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INTRODUCTION 
The p o t e n t l a l  r o l e  of an o c c u l t a t i o n  s a t e l l i t e  i n  t h e  National  Weather 
S a t e l l i t e  system has  been Inves t iga ted  under NASA Contrac ts  NAS 1-9962 
and NAS 1-9963. Deta i led  r e p o r t s  of t h e  f ind ings  a r e  contained i n  t h e  
two a t tached volumes: "Orbit Determinat ion f o r  a  Weather Occul ta t ion  
S a t e l l i t e , "  which descr ibes  t h e  outcome of computer s imula t ions  of o r b i t  
dynamics and d a t a  processing procedures t h a t  would be used with an occul- 
t a t i o n  system, and "An Occul ta t ion  S a t e l l i t e  System for Determining 
Pressure  Levels i n  t h e  Atmosphere," which desc r ibes  t h e  r a d i o  and atmos- 
pheric  physics of t h e  o c c u l t a t i o n  system, r e p o r t s  on t h e  outcome of a  
s imula t ion  us ing  o c c u l t a t i o n  system d a t a  together  with s a t e l l i t e  i n f r a r e d  
sounding d a t a  t o  determine t h e  atmospheric p res su re  reference ,  and descr ibes  
a  ground based tes t  of t h e  system i n  Hawaii and t h e  implications f o r  a  
s a t e l l i t e  o c c u l t a t i o n  system, Following i s  a b r i e f  discussion of these  
two documents and the i r ,1mpl i ca t ions .  The I n t e n t  1s not t o  summarize 
t h e  r epor t s ,  t h e  r e p o r t s  already con ta in  adequate summaries, but  r a t h e r  
t o  r e l a t e  the  f ind ings  t o  each o t h e r  and t o  t h e  p resen t  needs of t h e  
U.S. weather program, 
The phys ica l  b a s i s  of a r a d i o  o c c u l t a t i o n  s a t e l l i t e  system i s  t h a t  
r ad io  waves t r a v e l  more slowly i n  t h e  atmosphere than they do i n  a  vacuum. 
Addi t ional ly ,  i f  t h e  atmospheric dens i ty  v a r i e s  across  t h e  pa th  of t h e  
r ad io  waves, t h e  r a d i o  pa th  w i l l  be bent .  These two e f f e c t s  combine t o  
make t h e  e f f e c t i v e  r ad io  pa th  between t w o  s a t e l l i t e s  longer i f  t h e  pa th  
goes through t h e  atmosphere. The amount of t h i s  path inc rease  i s  a funct ion  
of t h e  atmospheric dens i ty  and hence provides t h e  oppor tuni ty  f o r  measure- 
ment of atmospheric v a r i a t i o n s  r e spons ib le  f o r  t h e  ea r th ' s  weather. 
The use  of r a d i o  o c c u l t a t i o n  t o  measure atmospheres is no t  new. The 
most p r e c i s e  measurements of t h e  atmospheres of Mars, Venus, and now 
Jup i t e r  have been obtained by r a d i o  occu l t a t ions  of Mariner and Pioneer 
spacecraf t .  The equipment used i n  these  e f f o r t s  has p rec i s ion  f a r  
g r e a t e r  than  t h a t  requi red  f o r  u s e f u l  information on t h e  E a r t h f s  atmrpr 
phere. The physics  of r a d i o  o c c u l t a t i o n  and t h e  equipment performance 
have been well  e s t ab l i shed ,  V&at remains t o  b e  answered i s  whether t h e  
information t h a t  can be provided on a  continuous ope ra t iona l  b a s i s  by an 
e a r t h  radio-occul ta t ion  system is u s e f u l  t o  t h e  world's meteorologis ts  
and whether t h e  o c c u l t a t i o n  system is t h e  l e a s t  c o s t l y  way of ob ta in ing  
t h a t  information,  
The work descr ibed  i n  t h e  a t tached r e p o r t s  concludes t h a t  the  in fo r -  
mation suppl ied  by an accunt&t:.on system would indeed be of g r e a t  use  
t o  t h e  meteorologis ts .  However, whether t h e  o c c u l t a t i o n  system is t h e  
l e a s t  c o s t l y  way of obta in ing  t h a t  information is s t i l l  t o  he resolved.  
The authors  f e e l  t h a t  i s  is. But i t  i s  c l e a r  from r e a c t i o n  t o  r a d i o  
o c c u l t a t i o n  proposals ,  t h a t  t h e  c o s t  and performance of o the r  systems 
designed t o  o b t a i n  equivalent  information must be more c l e a r l y  defined.  
I t  is hoped t h a t  t h e  upcoming t e s t s  of g lobal  observat ion  systems and 
weather p red ic t ron  technique i f i l l  h e lp  t o  b e t t e r  d e f i n e  t h e  performance 
and c o s t  of these  a l t e r n a t i v e s .  
There a r e  many ways t h e  r a d i o  o c c u l t a t i o n  technique could b e  
employed t o  o b t a i n  ueefuP weather Pnformatjon. The p a r t i c u l a r  system 
evalua ted  i n  t h e  foPlos ing  r e p o r t s  r e f l e c t s  s e v e r a l  years  of i n t e r -  
a c t i o n  between t h e  authors  e)rid members of t h e  meteorological  c o m u n i t y .  
The proposed system would provide only information t h a t  is very hard t o  
o b t a i n  by o t h e r  measurement techniques.  To do t h i s ,  t h e  system makes 
use  of d a t a  r e a d i l y  a v a i l a b l e  from almadgr proven s a t e l l i t e  sensors ,  
from e x i s t i n g  ground based observat ions ,  and from h i s t o r i c a l  records.  
I n  o t h e r  words, t h e  proposed system i s  intended t o  be a  good match t o  
o t h e r  components of t h e  weather plrogrm, 
The o c c u l t a t i o n  system c o n s i s t s  of two s a t e l l i t e s  i n  t h e  same o r b i t .  
One s a t e l l i t e ,  t h e  ' b a s t a r s '  sata '8lli te,  would c a r r y  t h e  main instrumentat ion 
and dg ta  recording  equipment; in an ope ra t iona l  system t h i s  s a t e l l i t e  would 
a l s o  ca r ry  o t h e r  sensors  involved i n  the  o v e r a l l  weather observat ion system. 
A w o n d ,  much smal ler  "slave" s a t e l l i t e ,  would be  loca ted  i n  t h e  same o r b i t  
but  behind t h e  "master" s a t e l l i t e  s u f f i c i e n t l y  f a r  t h a t  r a d i o  s i g n a l s  be- 
tween t h e  two would i n t e r s e c t  t h e  atmosphere i n  t h e  v i c i n i t y  of the  500 
m i l l i b a r  a l t i t u d e .  A t r ansmi t t e r  i n  t h e  "master" s a t e l l i t e  would send a 
r a d i o  s i g n a l  t o  t h e  r ece ive r  i n  t h e  "slave" s a t e l l i t e .  The "slave" 
s a t e l l i t e  would s h i f t  t h e  s i g n a l s  i n  frequency t o  avoid i n t e r f e r e n c e  and 
t r ansmi t  them back t o  a r a ido  r e c e i v e r  i n  t h e  "master" s a t e l l i t e .  A t  t h e  
"master", t h e  r ad io  path length  would be recorded and relayed t o  t h e  e a r t h  
by t h e  normal s a t e l l i t e  telemetry system, 
The system would use t h e  o r b i t  bes t  s u i t e d  t o  t h e  o t h e r  meteorological  
sensors ,  most l i k e l y  a sun-synchronous po la r  o r b i t .  The occu l t a t ion  d a t a  
would provide  continuous information i n  t h e  s u b s a t e l l i t e  o r b i t  t rack .  
Used i n  conjunction with o t h e r  information, the  occu l t a t ion  system 
would provide weather p red ic t ion  programs with continuous measurements of 
t h e  world wide 500 m i l l i b a r  p res su re  r e fe rence  l e v e l  with b e t t e r  than 
24 meter accuracy. To achieve t h i s ,  information requi red  from o t h e r  sources  
i s  continuous atmospheric temperature p r o f i l e s  obta ined  from s a t e l l i t e  
i n f r a r e d  sounding instruments ,  h i s t o r i c  seasonal  averages of lower atmos- 
phe r i c  water  vapor content ,  and a few d a i l y  s u r f a c e  o r  upper a i r  p res su re  
l e v e l  measurements wherever i t  is most convenient t o  ob ta in  them. 
The major concerns t h a t  have been r a i s e d  about the  proposed occul ta-  
t i o n  system a re :  
.When t h e  inaccuracies  of i n f r a r e d  soundings a r e  combined with t h e  
expected occu l t a t ion  inaccurac ies  and t h e  complexit ies  of inve r s ion  
procedures, w i l l  t h e  r e s u l t s  have s u f f i c i e n t  accuracy f o r  meteorologi- 
c a l  app l i ca t ions?  
. W i l l  t h e  e f f e c t s  of water vapor i n  t h e  lower atmosphere cause s e r i o u s  
e r r o r s  i n  t h e  i n t e r p r e t a t i o n  of t h e  o c c u l t a t i o n  measurements? 
*Wi l l  complex rad io  ray pa ths  from inhomogenieties i n  t h e  lower 
atmosphere cause los s  of d a t a  o r  d i s t o r t i o n  of r e s u l t s ?  
*Can t h e  s a t e l l i t e s  motions i n  o r b i t  due t o  inhomogenieties i n  t h e  
e a r t h ' s  g rav i ty  f i e l d ,  a i r  drag,  and s a t e l l i t e  t h r u s t e r s ,  be 
sepa ra ted  from changes i n  apparent  d i s t a n c e  caused by atmospheric 
p res su re  va r i a t ions?  
Analyses of t h e s e  ques t ions  a r e  presented i n  g r e a t  d e t a i l  i n  t h e  
a t tached r e p o r t s .  The conclusions a r e  summarized b r i e f l y  below: 
Inve r s ion  Accuracy 
.To eva lua te  t h e  accuracy of t h e  o c c u l t a t i o n  system, computer inver- 
s i o n  techniques were used t o  d e r i v e  p res su re  references  using simu- 
l a t e d  i n f r a r e d  and o c c u l t a t i o n  d a t a .  Actual atmospheric temperature 
p r o f i l e s  were used t o  d e r i v e  i n f r a r e d  measurements and from these  
"derived" temperature p r o f i l e s  were obta ined  by invers ion  techniques.  
 h he der ived  p r o f i l e s  have no abso lu te  a l t i t u d e  reference.)  The 
a c t u a l  and "derived" temperature p r o f i l e s  were supplied by D r .  
William Smith of t h e  National Oceanic and Atmospheric Administra- 
t i o n  (NOAA). Next t h e  a c t u a l  temperature p r o f i l e s  were used t o  
c a l c u l a t e  atmospheric dens i ty  p r o f i l e s ,  and ray t rac ing  programs 
ca lcu la t ed  "ac tua l"  occu l t a t ion  raypath measurements. To these  
measurements were added 0.5 M r m s  random e r r o r s  t o  s imulate 
o c c u l t a t i o n  measurement e r r o r s .  The noisy occu l t a t ion  da ta  and 
"derived" temperature p r o f i l e s  were used i n  a  computer invers ion  
program t o  ob ta in  es t imates  of t h e  500 mb l e v e l s .  This was done 
f o r  a  range of longitudes and weather cond i t ions .  The estimated 
and a c t u a l  l e v e l s  were compared y i e l d i n g  less than 24 M rms e r r o r s ,  
which meets t h e  requirements of t h e  weather program. Checks showed 
t h a t  t h e  major i ty  of the  e r r o r  comes from t h e  temperature inver- 
s i o n  inaccuracy r a t h e r  than the  o c c u l t a t i o n  system inaccuracy 
and thbs  t h e  occu l t a t ion  pressure  r e fe rence  r e s u l t s  w i l l  improve 
a s  t h e  i n f r a r e d  sounding techniques improve. 
Water Vapor E f f e c t s  
*Radio waves a r e  e f fec ted  by water vapor i n  t h e  atmosphere as  well 
a s  by t h e  a i r  dens i ty  i t s e l f .  A t  t h e  h ighe r  a l t i t u d e s  water vapor 
dens i ty  is not  enough t o  cause a  s i g n i f i c a n t  e f f e c t ;  but a t  lower 
a l t i t u d e s ,  e s p e c i a l l y  i n  the  temperate regions  i n  the  summer, i t  
must be considered.  I n  t h e  above runs t h e  e f f e c t s  of water vapor 
were included and d i f f e r e n t  methods of c o r r e c t i o n  were evaluated. 
To inc lude  t h e  e f f e c t s ,  a c t u a l  water vapor p r o f i l e s  f o r  each t e s t  
day were included i n  the  o c c u l t a t i o n  r a y t r a c i n g  procedure. The 
o c c u l t a t i o n  results and der ived  temperature p r o f i l e s  were obtained 
a s  before.  This information was then used together  with d i f f e r e n t  
e s t ima tes  of water  vapor i n  t h e  inve r s ion  program t o  ob ta in  es t imates  
of t h e  p res su re  l e v e l .  Ignoring water vapor a l l  together ,  caused 
sys temat ic  p res su re  l e v e l  e r r o r s  i n  t h e  summer temperate regions 
t h a t  exceeded the  des i r ed  p rec i s ion  by t h r e e  t o  f o u r  times. Using 
t h e  h i s t o r i c a l  average seasonal  water vapor p r o f i l e s  f o r  these  
regions  reduced the  e r r o r s  t o  t h e  24 M rms requirements.  And, a s  
might be expected, us ing  t h e  a c t u a l  d a i l y  water vapor p r o f i l e s  
i n  t h e  invers ion ,  reduced t h e  e r r o r s  t o  l e v e l s  obtained with dry 
atmospheres. 
.*?ihun cven c rude  c l i i nac t l c '  d a t a  i s  s u f f i c i e n t  t o  c o r r e c t  f o r  t h e  
e f f ec l .  of wate r  vapor on t h e  o c c u l t a t i o n  p r e s su re - r e f e r ence  r e s u l t s .  
I n  an o p c r a t i o n a l  wea ther  system, b e t t e r  than  c l i m a c t i c  wate r  vapor 
3nPorrnnt.ion would be a v a i l a b l e  f r o m  o t h e r  components of t h e  observa-  
t i o n  f,r I o r f x a s t i n g  system and would be used i n  t h e  o c c u l t a t i o n  d a t a  
Invcr3 ion .  
*Mul t i p l e  ray  p a t h s  due to wa te r  vapor l a y e r s  i n  t h e  lower  a tnos -  
phere  i s  a  phenomenon observed  d u r i n g  system demons t ra t ions  i n  
Hawaii. I n  t h e s e  demons t ra t ions  equipment similar t o  t h a t  propo- 
sed r o r  t h e  o c c u l t a t i o n  measurements was ope ra t ed  between two 
i s l a n d s .  Amplitude and phase  p a t h  l e n g t h  measurements were made. 
The phase meaflurements conf i rmed equipment p r e c i s i o n  and propaga- 
t i o n  phys i c s .  However, d u r i n g  a  number of days  deep long-term 
ampli tude Pading was observed.  Computer r a y t r a c i n g  was c a r r i e d  
ou t  u s ing  a tmospher ic  r e f r a c t i v i t y  p r o f l l e s  ob t a ined  by a i r p l a n e  
f l i g h t s  d u r i n g  t h e  demons t r a t i ons ,  These computat ions  conf i rmed 
t h a t  on days  of deep f ades  c o n d i t i o n s  r equ i r ed  f o r  p e r s i s t a n t  
deep f a d i n g  were s a t i s f i e d .  These conditions a r e  t h a t  t h e r e  be  
two and only two ray  pa th s  between t r a n s m i t t e r  and r e c e i v e r ,  t h a t  
t h e  two s i g n a l s  be  very n e a r l y  equa l  i n  ampli tude,  and t h a t  t h e  
p a t h s  d i f f e r  i n  l e n g t h  b y  a  s m a l l  number of wavelengths.  When 
t h e s e  c o n d i t i o n s  a r e  s a t i s f i e d ,  t w o  s i g n a l s  can  p r e c i s e l y  c a n c e l  
each o t h e r  p e r i o d i c a l l y ,  c a u s i n g  deep f ades .  I n  t h e  Hawaiian 
geometry t h e s e  c o n d i t i o n s  can  occu r  f a i r l y  o f t e n .  More than  two 
r ays ,  unequal ampl i tudes ,  o r  a  r a p i d  v a r i a t i o n  of p a t h  l e n g t h  
d i f f e r e n c e  make t h e  p r o b a b i l i t y  o f  p r e c i s e  c a n c e l l a t i o n  very ,  
very small.  
The ray  t r a c i n g  programs were used wi th  t h e  Hawaiian a tmospher ic  
r e f r a c t i v i t y  p r o f i l e s  t o  de t e rmine  t h e  p r o b a b i l i t y  of m u l t i p a t h  
f o r  o c c u l t a t i o n  s a t e l l i t e  geome t r i e s .  The p r o b a b i l i t y  of mu l t i -  
pa th  occu r r ence  w i l l  be l e s s  t han  t h a t  observed i n  Hawaii f o r  
two r ea sons :  f i r s t  t h e  pr imary o c c u l t a t i o n  raypa ths  w i l l  b e  much 
h i g h e r  i n  t h e  atmosphere,  where t h e r e  i s  less wate r  vapor  t o  
d i s t o r t  them; and secondly ,  t h e  humidity and l a y e r i n g  c o n d i t i o n s  
i n  Hawaii a r e  much more s e v e r e  t h a n  is  t y p i c a l  of o t h e r  geographic  
a r e a s  and s e a s o n s .  
The p r o b a b i l i t y  of more t han  one ray  pa th  r each lng  t h e  o c c u l t a t i o n  
s a t e l l i t e  is t h u s  reduced i n  comparison with  t h e  Hawaiian obser-  
v a t i o n s .  Fur thermore,  when m u l t i p I e  p a t h s  d o  occur ,  t h e  p r o b a b i l i t y  
t h a t  they  w i l l  c au se  deep  o r  prolonged f a d i n g  is very  s m a l l ;  none 
of t h e  t h r e e  c o n d i t i o n s  f o r  such f a d i n g  is s a t i s f i e d  i n  t h e  s a t e l l i t e  
geometry. Fo r  t h e  s a t e l l i t e s  t h r e e  o r  more r a y s  a r e  invo lved  i n  any 
m u l t i p a t h  occu r r ence  no t  j u s t  two; t h i s  r e s u l t s  from t h e  t r a n s m i t t e r  
and r e c e i v e r  be ing  l o c a t e d  above t h e  r e f r a c t i n g  l a y e r s ,  r a t h e r  than  
i n  them. Secondly t h e  m u l t i p l e  r a y s  t h a t  r e ach  t h e  s a t e l l i t e  pa s s  
l o n g  d i s t a n c e s  th rough  s i g n i f i c a n t l y  d i f f e r e n t  p a r t s  of t h e  atmos- 
phere, undergoing d i f f e r e n t  focus ing  and absorpt ion,  which changes 
t h e i r  r e l a t i v e  amplitudes. Thi rd ly ,  t h e  phase r e l a t i o n s h i p s  L ? l l r  
between t h e  mul t ip l e  rays w i l l  change r a p i d l y  a s  t h e  s a t e l l i t e s  
(and ray pa ths  between them) move a t  o r b i t a l  speeds over  t h e  
weather p a t t e r n s ,  I n  the  Hawaiian experiments,  t h e  weather moved 
through t h e  ray  paths at  a much lower ve loc i ty .  The p robab i l i ty  
of t h r e e  o r  more rays  a r r i v i n g  with t h e  r i g h t  amplitudes and phases 
t o  c l o s e l y  cancel  each o the r  f o r  any length  of t i m e  w i l l  thus be 
very, very smal l .  
The ray  t r a c i n g  prograins a l s o  ohowed t h a t  when more than one ray 
e x i s t e d  between t r ansmi t t e r  and r e c e i v e r ,  t h e  d i f f e r e n c e  i n  pa th  
lengths  between the  raga was t y p i c a l l y  l e s s  than one-half meter. 
This would i n d i c z t e  tha t  i f  t h e  equipment was designed t o  measure 
path length  i n  t h e  proneace of mul t ip l e  rays ,  i t  would y i e l d  
use fu l ly  accura te  r e s u l t s  even when more than one ray is received.  
I t  was not  c l e a r  from the ray t r a c i n g  why t h i s  occurred, and more 
s imula t ions  should be cone before  a system i s  designed t o  t ake  
advantage of t h e  phenomenon, 
The a n a l y s i s  concluded t h a t ,  while  mult ipath could be expected 
t o  occur, i t  would mot occur with high p r o b a b i l i t y ,  t h a t  when i t  
d i d  occur, t h e  p robab i l i ty  of deep fading  would be remote, and 
t h a t  resuBts obtained during m u l t i p l e  rays  would s t i l l  meet t h e  
des i r ed  measurement accuracy. 
Orb i t  Analysis 
*In t h e  o c c u l t a t i o n  technique, t h e  b a s i c  measurement i s  t h e  e f f e c t i v e  
length  of t h e  r a d i o  path between two o r b i t i n g  s a t e l l i t e s .  When t h i s  
path passes through the  atmosphere, i t s  e f f e c t i v e  length  i s  increased  
by bending and re t a rda t ion .  To determine atmospheric pressure  t o  
meteorologica l ly  useful  accuracy9 changes i n  t h i s  inc rease  have t o  
be measured t o  an a@em?kcy of 0.5 M .  To accomplish t h i s ,  of course ,  
r equ i re s  knowledge of t h e  r e l a t i v e  movement of t h e  s a t e l l i t e s  t o  the  
same accuracy. 
To test t h e  p red ic t ab i8 i ty  of s a t e l l i t e  spacing,  f i r s t  computer models 
were used t o  s imula te  $la@ no t ions  of t h e  two s a t e l l i t e s .  A l l  per tur -  
ba t ions  of consequence were inc luded;  where ac tua l  d is turbances  
were unknown, g o  t h e  h igher  o rde r  components of t h e  g rav i ty  f i e l d  
o r  a i r  drag,  random nunbeas were used t o  s imula te  t h e  e f f e c t  with 
the  expected magnitude. 
Next t h i s  "ac tua l "  motion was used t o  d e r i v e  t h e  information t h a t  
would be  a v a i l a b l e  t o  t h e  proposed o c c u l t a t i o n  system. I n  the  
proposal  system t h e  s a t e l l i t e s  would be launched together  and then 
caused t o  d r i f t  a p a r t  over  a period of two weeks u n t i l  they reach 
t h e  o c c u l t a t i o n  sepa ra t ion .  During t h i s  d r i f t  period,  continuous 
path length  measurement between t h e  s a t e l l i t e s  would be a v a i l a b l e  
und i s to r t ed  by atmo~pharb- bending. Af te r  t h i s  time, e s s e n t i a l l y  
continuous d a t a  wouPol s t i l l  be a v a i l a b l e  bu t  now a c t u a l  motions 
of t h e  s a t e l l i t e s  would be mixed with path lengthening caused by 
t h e  atmospheric bending, the  d a t a  f o r  t h e  meteorologis ts .  
Orbit modeling programs then used the drift period data to find 
coefficients for the orbit' elements of both satellites, for all. 
significant elements of the geopotential field and for other fac- 
tors (such as air drag) effecting the satellite motions. These 
coefficients were used in the prediction of -satellite motion 
during occultation. The predicted and "actual" were compared to 
find the kind of errors that would result with this technique. 
The resulting errors were all acceptable for the meteorological 
application, but for different reasons. 
Perturbations due to the high order components of the earth's 
gravitational field were predictable well within the 0.5 M 
accuracy. The drift-period data (actually accurate to 0.03 M) 
was sufficient to determine the geopotential coefficients to much 
better accuracy than required. Once these fixed coefficients are 
determined, relatively crude knowledge of the satellites* positions 
in the geopotential field during occultation is sufficient to predict 
the geopotential perturbations of both satellites. 
On the other hand, relative drifts of the two satellites due to 
different drag coefficients could easily accumulate to a steadily 
increasing separation error exceeding several meters in days. 
However, there is no way to confuse such a steady increase in path 
length with an actual meteorological phenomenon. (IS the atmosphere 
all over the globe expanding at a steady rate?) Data obtained during 
occultation could be processed so as to attribute any such steady 
path length growth to drift in the orbit and the data corrected 
accordingly. 
In a similar way, worst-case unknown ah- drag variation can cause 
an error in prediction of variation of the orbits* eccentricities, 
which can amount to a meter or so once-per-orbit oscillation error 
in the satellite separation prediction. Again, there is not an 
atmospheric phenomena that would cause a worldwide smooth atmos- 
pheric bulge of the form indicated by the eccentricity variation. 
The data would be processed to filter out the eccentricity harmonics 
from the path length measurement and to correct eccentricity 
predictions. 
It is assumed that the satellites would use attitude control systems 
that would fire gas jets only rarely (unloading the momentum in a 
momentum wheel for instance). Furthermore, control of relative 
positioning of the satellites would be accomplished by gas thrusters 
similar to those used for synchronous communications satellites. In 
this event, changes in relative satellite drift rates from these 
causes would occur at known times and could also be easily filtered 
from the data. 
For any of these systematic errors, in actual operation it may be 
advantageous to determine the corrections by comparing occultation 
measurements against known atmospheric conditions rather than by 
statistical filtering. Such calibration data is readily available 
-from rawinsonde measurmen%s over the populated areas of the northern 
hemisphere. 
These s imula t ions  thus  showed t h a t  an o c c u l t a t i o n  system can d e t e c t  
t h e  v a r i a t i o n s  caused by t h e  weather p a t t e r n s  with t h e  requi red  0 .5  M 
accuracy. A l l  e r r o r s  l a r g e r  than  t h i s  a r e  sys temat ic  and of a  form 
t h a t  can r e a d i l y  be separa ted  from a c t u a l  meteorological  information. 
The work i n  t h e  f o l l o s i n g  r e p o r t s  thus  i n d i c a t e s  t h a t  an o c c u l t a t i o n  
system would be  a b l e  t o  ob ta in  worldwide p res su re  r e fe rence  information 
t o  t h e  accuracy r equ i red  by m e t e o r o ~ o g i c a l  f o r e c a s t e r s .  
The o r i g i n a l  i n t e n t  of t h e  s tudy was t o  proceed from t h i s  ana lys i s  
t o  an i n t e r f a c e  a n a l g c i s  f o r  i rnluddng t h e  o c c u l t a t i o n  system i n  e x i s t i n g  
s a t e l l i t e  p r o j e c t s .  T%e caas ius ions ,  however, a r e  t h a t  t h e  conf igu ra t ion  
proposed o r i g i n a l l y  i n  1968 ( ~ e ~ o r t  no. RE 5-68) were an adequate s o l u t i o n .  
It would s e r v e  no purpose t o  conduct f u r t h e r  engineer ing  design t r a d e o f f s  
u n l e s s  a  s p e c i f i c  mission was i d e n t i f i e d .  While t h e  occu l t a t ion  equipment 
i s  s imple,  t h e  d e t a i l s  of i nc lud ing  t h e  equipment on a  mission is very much 
dependent on t h e  des ign  of t h e  spacec ra f t  and launch veh ic l e .  Antenna 
s i z e s  and t r a n s m i t t e r  powers on both master and s l a v e  s a t e l l i t e s  depend on 
t h e  s p a c e c r a f t  a t t i t u d e  con t ro l  technique and p rec i s ion ,  o r b i t  adjustment 
needs, and on space,  power, and weight c a p a b i l i t i e s ,  
Judging from p a s t  design e x e r c i s e s  and from knowledge of present  
t ransponder  c o s t s ,  haunch v e h i c l e  c o s t ,  and c o s t  of r n i n i s a t e l l i t e s ,  t h e  
c o s t  t o  add o c c u l t a t i o n  t o  an opera t iona l  weather s a t e l l i t e  may be expected 
t o  be i n  t h e  $4 t o  $6 m i l l i o n  d o l l a r  range. But a  s tudy of an ac tua l  
implementation i s  needed f o r  6i.r accura t e  es t imate .  
For t h e  t ransponder  des ign  t w o  gu ide l ines  have r e s u l t e d  from t h e  
r e sea rch ,  The o r i g i n a l l y  proposed equipment had two techniques f o r  
measuring t h e  pa th  l eng th ,  a  coherent  phase pa th  counter  accura te  t o  
0.03 M change i n  pa th  length ,  and a  modulation technique determining 
abso lu te  group pa th  l eng th  t o  0 - 5  M accuracy. ( ~ 0 t h  techniques a r e  used 
i n  c u r r e n t  s p a c e c r a f t  t r ack ing  equipment.) I t  i s  recommended t h a t  ambigui- 
t i e s  of 100 meters o r  more be  allowed i n  t h e  group path measurement i f  
t h i s  s i m p l i f i e s  equipment desdgk-aa, Ground information w i l l  be ab le  t o  
r e s o l v e  such m b i g u i t i @ s .  
I n  add i t ion ,  t h e  group path measurement should accaunt f o r  t h e  
expected c h a r a c t e r i s t i c s  of mult ipath when i t  does occur; namely, t h a t  t h e  
lengths  of t h e  d i f f e r e n t  paths w i l l  d i f f e r  by seve r s1  wavelengths but  by less 
than t h e  d e s i r e d  0.5 M accuracy. Thus a modulation technique t h a t  under 
these  condi t ions  w i l l  measure t h e  group path length  of t h e  s t r o n g e s t  
s i g n a l  o r  of any average of the  s i g n a l s  w i l l  g ive  use fu l  r e s u l t s  even 
dur ing  mult ipath.  Amplitude modulation techniques w i l l  y i e l d  t h i s  r e s u l t ,  
frequency o r  phase modulation w i l l  no t .  
The above comments summarize t h e  s t a t u s  of information on t h e  occul ta-  
t i o n  techniques. The a t tached r e p o r t s  i n  extens ive  d e t a i l  show t h a t  i t  
is f e a s i b l e  f o r  these  techniques t o  ob ta in  meteor logica l ly  use fu l  i n f o r -  
mation. This technique should be  compared i n  cos t  and accuracy with o t h e r  
means a v a i l a b l e  t o  ob ta in  s i m i l a r  da ta .  
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The microwave o c c u l t a t i o n  t e chn ique  ha s  proven u s e f u l  i n  s e n s i n g  
t h e  n e u t r a l  a tmosphere  of terrestrial  p l a n e t s  such  as Mars and Venus. 
An a d a p t a t i o n  of t h i s  t e chn ique  can  p rov ide  me teo ro log i ca l  i n fo rma t ion  
f o r  t h e  Ea r th .  
A t w o - s a t e l l i t e  microwave o c c u l t a t i o n  system is d e s c r i b e d  t h a t  
w i l l  f i x  as an  a b s o l u t e  f u n c t i o n  of a l t i t u d e  t h e  p ressure - tempera ture  
p r o f i l e  gene ra t ed  by a p a s s i v e  i n f r a r e d  sounder .  Th is  method would be  
s u c c e s s f u l  i n  de t e rmin ing  t h e  a l t i t u d e  of t h e  300 mb p r e s s u r e  l e v e l  t o  
w i t h i n  24  m rms, assuming t h e  t empe ra tu r e  e r r o r s  produced by t h e  IR 
s e n s o r  are no t  g r e a t e r  t h a n  2 ' ~  rms. E r r o r  caused by w a t e r  vapor  i n  
t h e  r a d i o  p a t h  can  be c o r r e c t e d  by c l i m a t o l o g i c a l  ad ju s tmen t s  (by u s e  
of mean water-vapor  p r o f i l e s )  i f  a c c u r a t e  water-vapor s e n s o r s  are n o t  
a v a i l a b l e .  
A ground test  of t h e  proposed s y s t e m  is d e s c r i b e d .  A microwave 
s i g n a l  p ropaga t i ng  between two mountain t o p s  was found t o  be s u b j e c t  
t o  p e r i o d s  of i n t e n s e  f a d i n g .  Computer a n a l y s i s  of t h e  r a y p a t h  between 
t h e  t r a n s m i t t i n g  and r e c e i v i n g  s t a t i o n s  i n d i c a t e s  t h a t  m u l t i p a t h  and 
de focus ing  were r e s p o n s i b l e  f o r  t h i s  f a d i n g .  Because t h e s e  phenomena 
a r e  a s s o c i a t e d  w i t h  lower  a l t i t u d e s  than t h e  c l o s e s t  approach a l t i t u d e  
of an occu l t a t i on - sys t em r aypa th ,  it i s  u n l i k e l y  t h a t  an o p e r a t i o n a l  
p r e s s u r e - r e f e r e n c e - l e v e l  s y s t e m  w i l l  be s u b j e c t  t o  t h e  deep  f a d e s  ob- 
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Chapter I 
INTRODUCTION 
" ~ v e r ~  sc i ence  and every inqui ry ,  and s i m i l a r l y  every a c t i v i t y  
and pur su i t ,  is thought t o  aim a t  some good." 
- -Ar is to t le  
To achieve 10-day weather f o r e c a s t s  wi th  80 percent accuracy ( t h e  
same accuracy now a v a i l a b l e  f o r  overnight  f o r e c a s t s  ), new techniques 
must be developed. The p a r t i a l  d i f f e r e n t i a l  equat ions  t h a t  d e s c r i b e  
t h e  behavior of the  atmosphere must be wr i t t en  i n  a form t h a t  permits  
t h e i r  s o l u t i o n  by d i g i t a l  computers; f a s t e r  computers must be developed 
t o  s o l v e  these  equations i n  an acceptably s h o r t  time. Data-acquisi t ion 
systems must be designed and implemented, which w i l l  sense  important 
atmospheric v a r i a b l e s  on a g loba l  b a s i s  and repor t  t h e i r  f ind ings  i n  
e s s e n t i a l l y  real t i m e .  
In 1966,, Stanford Univers i ty  published a repor t  C11 t h a t  descr ibed  : 
. . 
a poss ib le  meteorological  da ta-acquis i t ion  system:-,,._..One .. o f  . t h e  proposed 
techniques descr ibed  was t h e  app l i ca t ion  of microwave occu l t a t ion  t o  
the  Ear th ' s  atmosphere.  Occul ta t ion .  (which is based on the  f a c t  t h a t  
t h e  atmosphere w i l l  bend and r e t a r d  a r ad io  wave passing through i t )  
had been demonstrated with Mariner I V ,  t he  space. probe . t h a t  ' f lew p a s t  
Mars; an occu l t a t ion  system had received a micr0wav.e s i g n a l  from Ear th  
.. .~-- 
as  t h e  spacec ra f t  moved behind t h e  p lane t .  When t h e  l i n e  of s i g h t  be- 
tween Mariner I V  and Earth passed th - rough the  Martian atmosphere, t h e  
.~ .... 
~ ~ ~ .- - 
.. ~ ,. .. 
. . ....~ -- 
r a d i o  s i g n a l  was bent  and re t a rded  (Fig. I)..,.. Byana lyz ing  t h i s  bending 
and re t a rda t ion ,  r e sea rche r s  i t  Stanford and a t  t he  J e t  ~ r o p u l s i o n  Lab- 
ora tory  were a b l e  t o  deduce t h e  dens i ty  of t h e  Martian atmosphere (21; 
model matching enabled them t o  e s t ima te  the  atmospheric composition and 
t h e  pressure  and temperature p r o f i l e s .  
SPINMAP [I1 proposed t h a t  a similar system be u t i l i z e d  t o  sense  
t h e  d e n s i t y  of t h e  Ear th ' s  atmosphere, and thus  supply meteorologists  
with temperature and Pressure  p r o f i l e s  of t h e  atmosphere on a global  
b a s i s .  The SPIMEdAP conf igura t ion  (Fig. 2 )  cons is ted  of a mother s a t e l -  
l i t e  and s e v e r a l  daughter  satellites, a l l  i n  the  same near-polar  o r b i t .  
The s a t e l l i t e s  would be spaced guch t h a t  t h e  r ad io  path between t h e  
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Fig .  I. THE hl4RINER IV OCCULTATION EXPERI- 
MENT. 
mother and each of t h e  daughters passed through t h e  Ear th ' s  atmosphere. 
The f a c t  t h a t  thepe was more than one daughter  allowed t h e  atmosphere 
t o  be "sampled" by rays  t h a t  had d i f f e r e n t  minimum a l t i t u d e s ;  thus,  a 
continuous "occu l t a t ion"  could be achieved. As t h e  s a t e l l i t e s  proceeded 
i n  t h e i r  o r b i t ,  they would continuously sense the  atmosphere. The re- 
s u l t s  could be telemetered back t o  Earth, t h e  d a t a  inver ted ,  and pres- 
s u r e  and temperature p r o f i l e s  generated.  
Because t h e  E a r t h ' s  atmosphere is more complex than t h a t  of Mars 
( o r  even t h a t  of Venus whose atmosphere was sensed by an o c c u l t a t i o n  
experiment on board Mariner V i n  1968), ob jec t ions  were r a i sed  a s  t o  
t h e  d e s i r a b i l i t y  of us ing  occu l t a t ion  s a t e l l i t e s  in  preference  t o  o t h e r  
F i g .  2. TIiE SPINMAP CONFIGURATION. ' 1  I 
s i m p l e r  t e chn iques ,  such  as p a s s i v e  i n f r a r e d  sounders .  Pomalaza C31 
d i s c u s s e d  many o i  t h e  o b j e c t i o n s  and showed how e m p i r i c a l  o r thogona l  
f u n c t i o n s  can be  used t o  i n v e r t  o c c u l t a t i o n  d a t a  t o  y i e l d  p r e s s u r e  
p r o f i l e s  a c c u r a t e  t o  w i t h i n  0 .3  mb a t  t h e  s u r f a c e .  
In 1969, an  i n f r a r e d  s e n s o r  w a s  f lown s u c c e s s f u l l y  aboard a NIMBUS 
sa te l l i te .  The SIRS ins t rument  ( s a t e l l i t e  i n f r a r e d  sounde r )  p rov ided ,  
as ou tpu t ,  t empera ture  a s  a f u n c t i o n  of p r e s s u r e  f o r  v a l u e s  between 0.1  
and 1000 mb ( t h e  s e n s o r  a c t u a l l y  p rov ide s  only n i n e  paramete rs ,  b u t  em- 
p i r i c a l  o r t hogona l  f u n c t i o n s  are used t o  deve lop  a l e a s t - s q u a r e s  temper- 
a t u r e - p r e s s u r e  p r o f i l e ) .  The SIRS ins t rument ,  however, d i d  n o t  p rov ide  
an a l t i t u d e  r e f e r e n c e  t h a t  would f i x  t h e  t empera ture -pressure  p r o f i l e  
as a f u n c t i o n  of h e i g h t .  Although t h e  hypsometr ic  fo rmula  cou ld  be  
used t o  de te rmine  t h e  r e l a t i v e  a l t i t u d e  between any two p r e s s u r e  l e v e l s ,  
a r e f e r e n c e  v a l u e  w a s  r e q u i r e d  t h a t  would pe rmi t  t h e s e  r e l a t i v e  a l t i t u d e s  
t o  be expressed  as a b s o l u t e  a l t i t u d e s .  
A t  a  meet ing of t h e  Radio O c c u l t a t i o n  Working Group i n  Washington 
i n  September 1969, i t  was sugges ted  t h a t  o c c u l t a t i o n  s a t e l l i t e s  cou ld  
be used t o  p rov ide  t h i s  p r e s s u r e - r e f e r e n c e  a l t i t u d e .  Th i s  r e p o r t  w i l l  
demons t ra te  t h e  f e a s i b i l i t y  of a t w o - s a t e l l i t e  o c c u l t a t i o n  t e chn ique  t o  
supplemerat t h e  i n f r a r e d  sensor  system by providing an accura te  a l t i t u d e  
r e fe rence  t h a t  w i l l  serve t o  f i x ,  as a func t ion  of he ight ,  t h e  tempera- 
t u r e  p r o f i l e  of t h e  SIRS instrument.  
The r e s u l t s  of ground tests made i n  Hawaii dur ing  June 1970 a l s o  
w i l l  be descr ibed .  These ' t es t s  were conducted t o  es t ima te  t h e  l i k e l y  
e f f e c t s  of s c i n t i l l a t i o n  and fad ing  on an occu l t a t ion  system. I t  was 
found t h a t  t h e  microwave s i g n a l  su f fe red  per iods  of i n t e n s e  fading;  
however, i t  w i l l  be shown t h a t  t h e  probable cause of t h e  fading  was 
mult ipath,  which is a  low-al t i tude phenomenon and, therefore ,  is not 
a p t  t o  a f f e c t  the  proposed pressure-reference system which opera tes  
a t  a r e l a t i v e l y  high a l t i t u d e  (=8km).  
Chapte r  I I 
BASIC PRINCIPWS 
" ~ h i l o s o p h ~  is w r i t t e n  i n  t h i s  grand book--I mean t h e  un iverse - -  
which s t a n d s  c o n t i n u a l l y  open t o  o u r  gaze,  bu t  it cannot  
be  unders tood  u n l e s s  one f i r s t  l e a r n s  t o  comprehend t h e  l anguage  
and i n t e r p r e t  t h e  c h a r a c t e r s  i n  which it i s  w r i t t e n .  
I t  is w r i t t e n  i n  t h e  language of mathemat ics  ..." 
- -Gal i l eo  G a l i l e i  
A .  R e f r a c t i o n  
The o c c u l t a t i o n  t e chn ique  i s  based on t h e  f a c t  t h a t  when a  r a d i o  
wave p a s s e s  th rough  t h e  atmosphere i t  is ben t  and r e t a r d e d .  Th is  hap- 
pens because t h e  atmosphere h a s  an  index of r e f r a c t i o n  n  t h a t  is 
g r e a t e r  t han  1, and t h i s  pa ramete r  w i l l  va ry  from p l a c e  t o  p l a c e .  
The index  of r e f r a c t i o n ,  however, i s  no t  much g r e a t e r  than  1 ;  a 
t y p i c a l  v a l u e  at  t h e  s u r f a c e  of t h e  E a r t h  i s  1.000314. Because t h e  
s i g n i f i c a n t  v a r i a t i o n s  i n  t h e  index of r e f r a c t i o n  a r e  very  s m a l l ,  it 
has  been found convenien t  t o  d e f i n e  a  q u a n t i t y  known a s  r e f r a c t i v i t y  
N: 
6 In  o t h e r  words, N is t h e  f r a c t i o n a l  p a r t  of n, m u l t i p l i e d  by 10 . 
R e f r a c t i v i t y  i s  a  f u n c t i o n  of a tmospher ic  d e n s i t y  and, t h e r e f  o r e ,  
a f u n c t i o n  of a tmospher ic  p r e s s u r e  and tempera ture  ( t empera ture ,  p r e s -  
s u r e ,  and d e n s i t y  are r e l a t e d  by t h e  equa t i on  of s t a t e  or  i d e a l  gas  l a w ,  
P = pRT, where P = p r e s s u r e ,  p = d e n s i t y ,  T = a b s o l u t e  t empera ture ,  
and R = t h e  u n i v e r s a l  g a s  c o n s t a n t ) .  In  terms of t empe ra tu r e  T, at- 
mospheric p r e s s u r e  P, and t h e  p a r t i a l  p r e s s u r e  of water vapor  e ,  re- 
f r a c t i v i t y  can  be w r i t t e n  a s  C41 
where T is i n  deg ree s  Kelvin ,  P and e are i n  m i l l i b a r s ,  and N i s  
d imens ion l e s s .  I t  c an  be  s een  from t h i s  equa t i on  t h a t  N is d i r e c t l y  
p r o p o r t i o n a l  t o  p r e s s u r e  and i n v e r s e l y  p r o p o r t i o n a l  t o  some power of 
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t empera ture ;  i n  a d d i t i o n ,  it i s  a  ve ry  s t r o n g  f u n c t i o n  of water-vapor  
p r e s s u r e  because of t h e  p o l a r  n a t u r e  of t h e  wa t e r  molecule .  The first 
term on t h e  r ight-hand s i d e  of Eq.  ( 2 . 2 )  is o f t e n  c a l l e d  t h e  "dry term,' '  
and t h e  remainder  a r e  c a l l e d  t h e  "wet t e rms . "  A t  low a l t i t u d e s ,  where 
water-vapor  p r e s s u r e s  can  be expec ted  t o  be  high, t h e  wet t e rms  make a 
s i g n i f i c a n t  c o n t r i b u t i o n  t o  t h e  v a l u e  of N. A t  h i g h e r  a l t i t u d e s  (above 
7 km), t h i s  c o n t r i b u t i o n  is ve ry  small and t h e  d r y  term is p r i n c i p a l l y  
r e s p o n s i b l e  f o r  t h e  va lue  of N. 
A r a d i o  wave i n  t he  atmosphere is r e t a r d e d  i f  N i s  g r e a t e r  than  
z e r o  because  t h e  index of r e f r a c t i o n  n  is t h e  r a t i o  between t h e  speed 
of l i g h t  i n  a vacuum c and t h e  speed of l i g h t  i n  t h e  medium; t h e r e f o r e ,  
N r e p r e s e n t s  t h e  f r a c t i o n a l  d i f f e r e n c e  between t h e  speed of t h e  r a d i o  
wave i n  t h e  a tmosphere  and i t s  speed i n  a  vacuum. The h i g h e r  t h e  v a l u e  
of PI, t h e  g r e a t e r  t h e  r e t a r d a t i o n .  ( I t  shou ld  be noted t h a t  a monochro- 
m a t i c  wave is be ing  d i s cus sed  and, t h e r e f o r e ,  t h e  d i s t i n c t i o n  between 
group v e l o c i t y  and phase v e l o c i t y  i s  no t  of concern.  In any c a s e ,  t h e  
a tmosphere  f o r  t h e  f requency range of i n t e f e s t  (X-band) is e s s e n t i a l l y  
n o n d i s p e r s i v e .  In  t h i s  r e p o r t ,  " v e l o c i t y "  of a  wave r e f e r s  t o  "phase 
v e l o c i t y .  ") 
In  a d d i t i o n  t o  r e t a r d i n g  t h e  wave, t h e  atmosphere a l s o  c a u s e s  it t o  
bend because N ( be ing  a  f u n c t i o n  of p r e s s u r e ,  t empera ture ,  and water- 
vapor  p r e s s u r e )  v a r i e s  in  magnitude,  bo th  h o r i z o n t a l l y  and v e r t i c a l l y .  
From S n e l l ' s  Law, i t  i s  known t h a t  an e l ec t romagne t i c  "ray"  t e n d s  t o  
bend i n  t h e  d i r e c t i o n  of i n c r e a s i n g  index  of r e f r a c t i o n .  Mathemat ical ly ,  
t h i s  c an  be  w r i t t e n  a s  151 
where A is t h e  wavelength and p is t h e  r a d i u s  of c u r v a t u r e  of t h e  
r a y p a t h  (hence fo r th ,  p w i l l  r e f e r  t o  r a d i u s  of c u r v a t u r e  r a t h e r  t han  
d e n s i t y ) .  The d e r i v a t i v e s  are taken  i n  t h e  d i r e c t i o n  of t r a v e l  of t h e  
r a y .  
The wavelength A i s  r e l a t e d  to  f requency  v by A = v/v, where 
v i s  t h e  v e l o c i t y  of t h e  wave, Because v  = c / n ,  
and 
C dh = - - dn 2  
n  v 
S u b s t i t u t i n g  these  expressions i n t o  Eq . (2.3 and rearranging r e s u l t s  in  
which r e l a t e s  the  radius  of cu rva tu re  of a  ray t o  the  index of r e f r a c -  
t i o n  n  and the  d e r i v a t i v e  dn/dp. This d e r i v a t i v e  can be expressed 
a s  t h e  sum of two terms; one is p ropor t iona l  t o  the  hor i zon ta l  gradient  
of n, and t h e  o the r  is p ropor t iona l  t o  t h e  v e r t i c a l  g rad ien t :  
dn 3 dn 1 dn 
- = $n i'n ' - - cos @ + - - s i n  @ 
d P Fi - r do 
where r and 8 a r e  po la r  coord ina tes  wi th  o r i g i n  a t  the  c e n t e r  of 
--t t h e  Earth,  and is t h e  angle  between p ( t h e  radius  of curvature  
vec to r )  and i;) ( t h e  radius  v e c t o r ) .  Note t h a t ,  f o r  2 pointed out- 
ward, dn/dr i s  negat ive  f o r  a  normal atmosphere. 
The radius  of curvature  p can now be wr i t t en  a s  
.. 
= ldn/drl cos  @ - ( l / r)(dn/dB) s i n  @ 
Therefore, t h e  radius  of cu rva tu re  of a  ray is  found t o  be p ropor t iona l  
t o  the  index of r e f r a c t i o n  of t h e  medium and inverse ly  p ropor t iona l  t o  
the  gradient  of t h e  index of r e f r a c t i o n .  If t h e  g rad ien t s  a r e  la rge ,  
p w i l l  be small  and t h e  ray w i l l  curve sharply ;  i f  they a r e  small and 
i f  n  is large ,  t h e  ray w i l l  fo l low a  " s t r a i g h t "  t r a j e c t o r y .  
Both the  bending of t h e  ray and i ts  r e t a r d a t i o n  tend t o  inc rease  
t h e  apparent path length of t h e  ray .  If t h e  atmosphere is not present ,  
t h e  r a d i o  s i g n a l  t r a v e l s  i n  a  s t r a i g h t  l i n e  a t  t h e  speed of l i g h t  i n  a 
vacuum. Bending and r e t a r d a t i o n  caused  by t h e  atmosphere i n c r e a s e  t h e  
time i t  t a k e s  f o r  a ray  t o  t r a v e l  between t h e  same endpo in t s  and, t h u s ,  
e f f e c t i v e l y  i n c r e a s e  t h e  l e n g t h  of t h e  r a y p a t h .  
Th i s  i n c r e a s e  i n  p a t h  l e n g t h  is c a l l e d  t h e  "phase d e f e c t .  !,t 
B. The O c c u l t a t i o n  System 
The proposed t w o - s a t e l l i t e  o c c u l t a t i o n  system (F ig .  3 )  would mea- 
s u r e  t h e  phase d e f e c t  and u s e  it t o  i n f e r  t h e  a l t i t u d e  of a p r e s s u r e  
l e v e l .  
The i n f r a r e d  s e n s o r  de te rmines  t h e  p r e s su re - t empe ra tu r e  p r o f i l e  of 
t h e  a tmosphere  ove r  a p a r t i c u l a r  p o r t i o n  of Ea r th ;  s imul taneous ly ,  t h e  
o c c u l t a t i o n  system propaga tes  a r a d i o  wave th rough  t h i s  same segment of 
a tmosphere  and measures t h e  phase d e f e c t .  Th is  r e s u l t  is  te lemete red  
back t o  t h e  ground 
( I t  shou ld  be noted t h a t ,  i n  an o p e r a t i o n a l  system, t h e  I R  s e n s o r  
c a n  be mounted on one of t h e  o c c u l t a t i o n  s a t e l l i t e s  i n s t e a d  of on a  
t h i r d  s a t e l l i t e ,  as i l l u s t r a t e d  i n  F i g .  3. Th i s  s e n s o r  has  a  r e s o l u -  
t i o n  c e l l  similar i n  s i z e  t o  t h a t  of t h e  o c c u l t a t i o n  system, and t h e  
r e s u l t s  can be c o r r e l a t e d  on t h e  ground.) 
The pressure - tempera ture  p r o f i l e  is used  a s  i npu t  f o r  a  computer 
program t h a t  r a y t r a c e s  through t h e  i n d e x - o f - r e f r a c t i o n  p r o f i l e  gene ra t ed  
f rom t h e  p ressure - tempera ture  cu rve .  The r e s u l t s  of t h i s  r a y t r a c i n g  are 
compared t o  t h e  phase d e f e c t  measured by t h e  s a t e l l i t e s .  The index-of- 
r e f r a c t i o n  p r o f i l e  i s  then a d j u s t e d  t h e  p r o p e r  v e r t i c a l  d i s t a n c e  u n t i l  
t h e  r a y t r a c i n g  r e s u l t  ob ta ined  from t h e  computer program matches t h e  
phase  d e f e c t  ob t a ined  from t h e  s a t e l l i t e s .  
S e v e r a l  of t h e  parameters  of t h e  proposed system are s i g n i f i c a n t  
and should  be  given s p e c i a l  a t t e n t i o n .  Because an a t t emp t  is be ing  made 
t ~ h e  o r i g i n  of t h e  tern "phase d e f e c t "  i s  obscure .  I t  may be a t t r i b u t e d  
t o  t h e  f a c t  t h a t ,  a s  t h e  p a t h  l e n g t h  and wavelength i n c r e a s e ,  t h e  num- 
b e r  of z e r o  c r o s s i n g s  r e g i s t e r e d  by t h e  r e c e i v e r  d e c r e a s e s ,  r e s u l t i n g  
i n  a phase "de f ec t "  a t  t h e  r e c e i v e r .  
Fig. 3. THE PRESSURE-REFERENCE-LEVEL SYSTEM. 
t o  measure an excess pa th  length  on the  order  of hundreds of meters  over  
a  p a t h  on t h e  order  of BOO0 km, i t  i s  obvious t h a t  t h e  system must be of 
high p rec i s ion .  In f a c t ,  only small  v a r i a t i o n s  (on t h e  order  of meters)  
in  t h e  phase d e f e c t  a r e  of i n t e r e s t .  I t  i s  important,  t he re fo re ,  t o  be 
a b l e  t o  measure the  phase d e f e c t  a s  accura te ly  a s  poss ib le ,  hopeful ly t o  
wi th in  1 m o r  l e s s ,  which means t h a t  the  r e l a t i v e  p o s i t i o n s  of the  s a t e l -  
l i tes must be known t o  within t h i s  d i s t a n c e .  
The f a c t o r s  a f f e c t i n g  s a t e l l i t e  pos i t ion  a r e  atmospheric drag,  s o l a r -  
r a d i a t i o n  pressure ,  and pe r tu rba t ions  in  t h e  o r b i t  a t t r i b u t e d  t o  anomalies 
i n  t h e  Ear th ' s  g r a v i t a t i o n a l  f i e l d .  Drag and s o l a r - r a d i a t i o n  pressure  
w i l l  have pe r iod ic  e f f e c t s  t h a t  can be  removed from t h e  d a t a  by d i g i t a l  
f i l t e r i n g .  The drag  e f f e c t  is a long-term phenomenon; the  so la r - r ad ia -  
t i o n  e f f e c t  w i l l  have a period of half  a  revolu t ion  and should be remov- 
a b l e  without  undue d i f f i c u l t y .  
O r b i t a l  per turbat ions  caused by anomalies i n  t h e  Ear th ' s  g r a v i t a -  
t i o n a l  f i e l d  a r e  a  more d i f f i c u l t  problem. Theore t ica l  a n a l y s i s  161 has 
shown t h a t ,  by launching the  mother and daughter  s a t e l l i t e s  toge the r  and 
then l e t t i n g  the  daughter d r i f t  away, t h e  g r a v i t a t i o n a l  f i e l d  can be 
mappedwith s u f f i c i e n t  accuracy t o  remove t h e  e f f e c t s  of t h e  anomalies. 
Another s i g n i f i c a n t  parameter is t h e  nominal sepa ra t ion  d i s t ance  
between the  s a t e l l i t e s .  By increas ing  t h i s  d i s t ance ,  t h e  raypath be- 
tween t h e  s a t e l l i t e s  can be made t o  approach c l o s e r  t o  t h e  Ear th ' s  sur -  
f a c e  a t  i t s  lowest a l t i t u d e .  In add i t ion ,  t h e  Ear th  is somewhat ob la t e ;  
t h e  d i f f e r e n c e  in  r ad ius  measured a t  t he  equator  and a t  t h e  pole  is c20 
km. A s  w i l l  be shown in  Chapter 111, s a t e l l i t e  sepa ra t ion  and the  e f -  
f e c t s  of t h e  Ear th ' s  oblateness a r e  important f a c t o r s  i n  system design.  
F igure  4 i s  a block diagram of the  system. The mother s a t e l l i t e  
t r ansmi t s  a CW s i g n a l  through t h e  E a r t h ' s  atmosphere. The daughter  s a t -  
e i l i t e  rece ives  t h e  s igna l ,  m u l t i p l i e s  i ts  frequency, by some r a t i o n a l  
f r a c t i o n  (such a s  11/10), and re t r ansmi t s  it phase coherently t o  t h e  
mother s a t e l l i t e  where it is mul t ip l i ed  by t h e  inverse  of the  o r i g i n a l  
mul t ip ly ing  f a c t o r  (in . this case, by 10/11). The s i g n a l  now beats  with 
t h e  o r i g i n a l  frequency, and t h e  b e a t s  a r e  counted and recorded.  I f ,  i n  
Passing through t h e  atmosphass, t h e  frequency of t h e  s i g n a l  was not a f -  
f e c t e d ,  t h e  r e s u l t  of bes t ing  w i l l  be zero; however, i f  t h e  atmosphere 
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Fig .  4.  BLOCK DIAGRAM OF THE OCCULTATION-SYSTEM HARDWARE. 
c ause s  t h e  apparen t  d i s t a n c e  between t h e  sa te l l i tes  t o  change, t h e  
f requency  of t h e  s i g n a l  w i l l  have s h i f t e d  s l i g h t l y  a s  a , r e s u l t  of t h e  
Doppler e f f e c t ,  and t h i s  s h i f t  w i l l  appear  as a bea t  f r equency .  Half .  
t h e  number of bea t s / s ec  produces  t h e  number of wavelengths  of excess 
p a t h  l e n g t h  caused by t h e  a tmosphere  (o r ,  a s  noted above, caused by r e a l  
pa th - l eng th  changes  r e s u l t i n g  from v a r i a t i o n s  i n  sa te l l i te  p o s i t i o n ) .  
In a d d i t i o n  t o  t h e  sys tem desc r i bed  above, which c o u n t s  every  wave- 
l e n g t h  change i n  d i s t a n c e  between t h e  sa te l l i tes ,  t h e  s i g n a l  of t h e  mas- 
ter s a t e l l i t e  i s  phase modulated a t  = 5 M H z .  This  modulat ion is c a r r i e d  
through t h e  r e p e a t e r  s a t e l l i t e  and rece ived  back a t  t h e  master. ' Phase  
comparison of t h e  r e ce ived  and t r a n s m i t t e d  s i g n a l s  y i e l d s  an abso lu t e -  
d i s t a n c e  measurement of approximately  lI2 m accuracy w i t h  a b a s i c  ambi- 
g u i t y  of =60m;  t h i s  ambigui ty  can be i nc r ea sed  t o  approximately  3 km 
by add ing  a second modulat ion f requency i f  system c o n s i d e r a t i o n s  s o  
r e q u i r e .  The a b s o l u t e - d i s t a n c e  system p rov ide s  t h e  o r i g i n a l  a b s o l u t e -  
d i s t a n c e  r e f e r e n c e  and r e e s t a b l i s h e s  t h e  a b s o l u t e  r e f e r e n c e  whenever 
the more p r e c i s e  sys tem l o s e s  count  because of i n t e r f e r e n c e .  The pos- 
s i b i l i t y  of s i g n a l  l o s s  from m u l t i p a t h  i s  d i s c u s s e d  e x t e n s i v e l y  i n  later 
c h a p t e r s .  
It should  be  no ted  t h a t  hardware similar t o  t h a t  d e s c r i b e d  above 
ha s  been f l i g h t  t e s t e d  and proven on numerous p l a n e t a r y  and i n t e r p l a n e -  
t a r y  miss ions ,  i n c l u d i n g  Mariner ,  P ioneer ,  Lunar O r b i t e r ,  and  Apol lo .  
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Chapter I I I  
ERROR ANALYSIS OF THE PRESSURE-WFERENCE-LEVEL SYSTEM 
" ~ r r a r e  humanum est .* 
--Ancient Saying 
A computer s imula t ion  of t h e  occu l t a t ion  system was necessary t o  
determine t h e  f e a s i b i l i t y  of us ing  occu l t a t ion  s a t e l l i t e s  t o  measure 
t h e  a l t i t u d e  of a  p res su re  l e v e l .  This chapter  desc r ibes  t h e  program 
used and t h e  r e s u l t s  obtained.  
A. The Pressure-Reference-Level Program 
The computer program was divided i n t o  two p a r t s .  In t h e  f irst ,  
a model atmosphere, c o n s i s t i n g  of t h e  b e s t  temperature, pressure ,  and 
water-vapor information ava i l ab le ,  was input  t o  t h e  computer t o  con- 
s t r u c t  an index-of-refract ion p r o f i l e .  A r ay t rac ing  r o u t i n e  t r aced  
through t h i s  p r o f i l e ,  s imula t ing  t h e  r e s u l t  t h a t  Would be obtained i f  
a s a t e l l i t e  s y s t e m  were t o  t ransmi t  through t h i s  model atmosphere. The 
r e s u l t  was a  phase de fec t  ( the  excess path l eng th )  and was c a l l e d  SR, 
meaning " s a t e l l i t e  reading."  
In t h e  second, the  information used t o  cons t ruc t  the  index-of- 
r e f r a c t i o n  p r o f i l e  was degraded s o  as  t o  s imuia te  t h e  e r r o r s  inherent  
i n  t h e  s a t e l l i t e  in f ra red  sensor  (SIRS) which, i n  an ope ra t iona l  system, 
would be t h e  source f o r  t h i s  d a t a .  (The p a r t i c u l a r  spec ies  of degrada- 
t i o n  employed var ied  from one run t o  another  and w i l l  be descr ibed  later 
i n  t h i s  chap te r . )  A l l  information r e l a t i n g  pressure  o r  temperature t o  
a l t i t u d e  was d iscarded,  and t h e  bottom-most temperature-pressure Rai r  
w a s  a r b i t r a r i l y  f ixed  a t  some s t a r t i n g  he igh t .  The hypsometric formula 
was used t o  a s s ign  corresponding a l t i t u d e s  t o  the  remaining pressure-  
temperature p a i r s ,  an index-of - r e f rac t ion  p r o f i l e  was cons t ruc ted ,  and 
t h e  r a y t r a c i n g  r o u t i n e  was employed t o  genera te  a  va lue  of t h e  phase 
de fec t .  (This  va lue  was denoted as PD1.) The p r o f i l e  was then s h i f t e d  
v e r t i c a l l y  1 km, the  r ay t rac ing  r o u t i n e  was again appl ied ,  and a new 
va lue  (PD2) was obtained.  These two values  were used t o  c a l c u l a t e  t h e  
d e r i v a t i v e  of t h e  phase d e f e c t  with r e spec t  t o  a l t i t u d e  d@/dz, where 
d@'/dz = PD2 - p o l .  
Now, t h e  SR of t h e  f i r s t  p a r t  of t h e  experiment ( the  phase d e f e c t  
"measured" by the  imaginary s a t e l l i t e  system) was employed t o  cons t ruc t  
an e r r o r  term, 
 his va lue  & was used i n  conjunct ion with the  d e r i v a t i v e  d@dz t o  
determine the  s h i f t  & necessary t o  b r i n g  t h e  e r r o r  term @ t o  zero :  
In p r a c t i c e ,  t h e  system i s  somewhat nonlinear ,  and more than one i t e r a -  
t i o n  is genera l ly  necessary before  i s  brought a r b i t r a r i l y  c l o s e  t o  
ze ro .  
When @ had been made acceptably smal l  through repeated r ay t rac -  
ing,  a p p l i c a t i o n  of E q .  (3.2), and t h e  appropr i a t e  v e r t i c a l  s h i f t  of t h e  
index-of-refract ion p r o f i l e ,  t he  a l t i t u d e s  of var ious  pressure  l e v e l s  
were compared t o  t h e  a l t i t u d e s  of these  same l e v e l s  in  the  "measured" 
atmosphere p r o f i l e  used i n  the  f i r s t  p a r t  of t h e  program. The d i f f e r -  
ences i n  a l t i t u d e  cons t i tu t ed  the  e r r o r  of the  system; the re fo re ,  i f  t he  
500 mb l e v e l  were a t  5.005 km in t he  reference  atmosphere and a t  5.015 
km in  t h e  atmosphere generated by t h e  s h i f t i n g  procedure, t he  e r r o r  a t  
500 mb would be 5,015 - 5.005 km = 0,010 km, o r  10 m .  F igure  5 is a 
f low c h a r t  of t h i s  program, and i ts  l i s t i n g  is found i n  Appendix A .  
In t h e  remainder of t h i s  chapter ,  t h e  r e s u l t s  of the  f i n a l  e r r o r  
a n a l y s i s  a r e  d iscussed ,  i n  which simulated d a t a  from the  s a t e l l i t e  in-  
f r a r e d  sounder (SIRS) were used t o  genera te  the  reference  atmosphere. 
B. E r r o r  Analysis ,  Using Simulated SIRS Data 
The simulated SIRS p r o f i l e s  171 cons i s t ed  of 206 p r o f i l e s  of tem- 
pe ra tu re  v s  pressure ,  wi th  t e inpe~a tu res  a t  100 p ressu re  l e v e l s  between 
1000.0 and 0.1 mb. A t y p i c a l  d a t a  s e t  is shown i n  F ig .  6 .  Each l e v e l  
p resen t s  a  s imulated temperattire "sensed" by t h e  SIRS, a  temperature 
"e r ro r "  (how t h i s  sensed temgaratdre d i f f e r s  from the  t r u e  temperature) ,  
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and t h e  erro:r Pn he ight  reuaaltimg from t h e  accumulated e r r o r  i n  tempera- 
t u r e .  In add i t ion ,  each s e t  t a b u l a t e s  ms e r r o r s  f o r  var ious  ranges of 
p res su re  (such a s  700 t o  400 mb, 400 t o  100 mb). 
Half of t h e  d a t a  s e t s  c o n s i s t  of simulated p r o f i l e s  f o r  a  7-channel 
sensor ;  t h e  o t h e r  half c o n s i s t  of p r o f i l e s  f o r  a 9-channel sensor ,  which 
a r e  t h e  only ones used :.!.I t h i s  e r r o r  a n a l y s i s .  The d a t a  s e t s  Were divided 
i n t o  t h r e e  groups ( s e t  2, s e t  3, and s e t  4 ) ,  according t o  t h e  l a t i t u d e  of 
t h e  s t a t i o n s ,  and these  l a t i t u d e  ranges a r e  indica ted  i n  Table 1. 
The pressure-refelr2?"a.bevel program was run by combining t h e  "sensed" 2 
temperature p r o f i l e  an6 the  corresponding temperature e r r o r s  s o  as t o  pro- 
duce t h e  " t rue"  temperaui.e p r o f i l e  which became the  "reference atmosphere." '. 
The o r i g i n a l  sensed-tem@krture p r o f i l e  was used a s  "measured d a t a . "  An 
atmosphere was constructed from t h i s  p r o f i l e  and s h i f t e d  v e r t i c a l l y  u n t i l  
t he  r e s u l t s  of r ay t rac ing  through the  v e r t i c a l l y  s h i f t e d  measured p r o f i l e  
matched t h e  r e s u l t s  of PaytracBng through the  reference  atmosphere. In 
both por t ions  of t h e  program, E random e r r o r  of absolu te  magnitude (0.5 m) 
was added t o  the  phase de fec t  t o  s imula te  the  uncer ta in ty  i n  s a t e l l i t e  
spacing.  
The r e s u l t i n g  a l t i t u d e  ez-~OB.  a t  eech of n ine  pressure  l e v e l s  was re- 
corded.  F igure  7 is a t y p i c a l  output sample. s t a t i s t i c a l  summaries f o r  
each of t h e  t h r e e  l a t i t u d e  rznses a r e  tabula ted  i n  Tables 2 through 7. 
Tables 2, 3, and 4 list tk? ~es i l l t s  f o r  a, s a t e l l i t e  sepa ra t ion  of 7863 km, 
and Tables 5, 6, and 7 l i s t  tk.e r e s u l t s  f o r  7888 km. (The g r e a t e r  the  s a t -  
e l l i t e  sepa ra t ion ,  t h e  6wue2 Ls t h e  c l o s e s t  approach a l t i t u d e  of the  r ay . )  
Table Pb lists t h e  c~oees"ippyoach a l t i t u d e s  f o r  each of the  cases  shown 
i n  Tables 2 t o  7; t h e  r e s u l t s  a r e  a l s o  displayed in  Figs .  8 and 9. 
A Smaller number sf sroi:.Les were m n  with water  vapor introduced 
i n t o  t h e  reference-atmosphere por t ion  of t h e  program. This water-vapor 
d a t a  cons i s t ed  of t h e  associa ted  rawinsonde r e l a t i v e  humidity p r o f i l e s .  
A s i m p l i s t i c  water-vapor co r rec t ion  was used i n  t h e  second half  (measured- 
d a t a  p o ~ t i o n )  of t h e  program. This co r rec t ion  cons i s t ed  of one of two 
humfdity p r o f i l e s ,  one represent ing  a "high2' va lue  of water vapor and 
t h e  o t h e r  a "low" value  (see  K g .  I O ) ,  chosen according t o  the  su r face  
value of t h e  r~winsomde water.vqoLp p r o f i l e .  A l l  of t he  d a t a  s e t s  from 
Table 1 
SIGNIFICANT DATA FOR PWSSIJR'Z-REFEREETCE-SYSTEM ERROR ANALYSIS, 
EMPLOYING SPMULAWD SIRS TEMPERATURE PROFILES 
I a t i t u d e  iml 
Min 25 N 38 N 51 N 
Max 37 N 51 N 76 N 
-- 
a. La t i tude  ranges 
I S a t e l l i t e  Separat ion I 
b. Dry Atmosphere 









I S a t e l l i t e  Seoarat ion 
7863 km 




1 8  
7888 km 
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SATELLITE SEPAARTTIO: 7863.0000 KM (14 S t a t i o n s ) :  SET 2 










T a b l e  4 
SATELLITE SEYARWTIOM: 7863.0000 KM (20 S t a t i o n s  ); SET 3 











Mean S t .  Dev. 









































































































Latitude range 25O-37' N Latitude range 38'-51" N Lati tude range 51"-76' N 
14 p r o f i l e s  20 p r o f i l e s  18 p r o f i l e s  
E Standard Deviat ion - RMS ----- 
T 
4 
F i g .  8 .  STANDARD DEVIATION AND RMS ERROR VS PRESSURE. Dry atmosphere, s a t e l l i t e  s e p a r a t i o n :  7863.0  km. 
0 
VI C l o s e s t  approach a l t i t u d e  of ray indicated  by v e r t i c a l  l i n e .  
CD 
T a b l e  5 
SATELLITE SEPARATION: 7888.0000 KM (14 S t a t i o n s ) ;  SET 2 
































S t .  Dev. 
-3.31 19.62 
-7.95 28.79 
-5.63 45 -71 
-0.87 43 -21 




15.71 37 -80 










T a b l e  7 





























































ERROR (MI  
Latitude range 25O-37' N Latitude range 38'-51" N Lati tude range 5 1 " - 7 6 ' : ' ~  
14 p r o f i l e s  . ,>. 1 9  p r o f i l e s  18 p r o f i l e s  . . 
, 
. . 
cn Standard Deviat ion RMS ------- 
2 
4 
w F i g .  9. STANDARD DEVIATION AM) RMS ERROR VS PRESSURE. Dry atmosphere, s a t e l l i t e  s e p a r a t i o n :  7888.0krn. A 
UI C l o s e s t  approach a l t i t u d e  of ray indicated  by v e r t i c a l  l i n e .  
rD 
WATER VAPOR FRESSURE 8MBB 
F i g ,  10. WATER VAPOR PROFILES. The above prof f l es  were 
extrapoBatecI t o  25 km by Use of the equation e ( z )  = 
e ( 7 )  * sxpCO.5476 * ( z - r d ) ] ?  where e i s  the water- 
vapor pressure, i n  millibars, and z i s  the altitude, 
i n  kilometers. 
s e t s  3 and 4, and one from s e t  2 used t h e  lower c o r r e c t i v e  p r o f i l e ;  t h e  
remaining d a t a  sets in  set 2 used t h e  higher  c o r r e c t i v e  p r o f i l e .  Tables 
8, 9, and 10  summarize t h e  r e s u l t s  f o r  a  s a t e l l i t e  sepa ra t ion  of 7863 km, 
and Tables 11, 12, and 1 3  summarize t h e  r e s u l t s  f o r  7888 km. The co r re -  
sponding c l o s e s t  approach a l t i t u d e s  a r e  l i s t e d  in  Table l c ,  and t h e  re-  
s u l t s  a r e  i l l u s t r a t e d  in  F igs .  11 and 12. 
To determine t h e  e f f e c t  of an improvement in  t h e  water-vapor co r rec -  
t i o n  technique (a more soph i s t i ca t ed  approach than the  s i m p l i s t i c  method 
described above), t h e  same d a t a  were run with t h e  exact  rawinsonde water- 
vapor p r o f i l e  used in  both t h e  reference  and measured atmospheres, which 
i s  equivalent  t o  an i d e a l  water-vapor co r rec t ion .  Resul t s  of t h i s  run 
( f o r  the  7863 km s a t e l l i t e  sepa ra t ion  only)  a r e  tabula ted  in  Tables 14  
through 16. Thecorresponding c l o s e s t  approach a l t i t u d e s  a r e  l i s t e d  i n  
~ a b l ' e  Id ,  and the  r e s u l t s  a r e  displayed i n  F i g .  13. 
F ina l ly ,  t o  determine t h e  e f f e c t s  of t h e  temperature e r r o r s  on t h e  
system, the  ana lys i s  of s i x  low-lat i tude p r o f i l e s  (without water )  was 
repeated,,  t h i s  t i m e  using t h e  reference  temperature values ( t h e  va lues  
without e r r o r )  i n  both the  r e fe rence  and measured atmospheres, which i s  
equivalent  t o  having an ideal- temperature sensor .  The r e s u l t  of t h i s  
run  is i l l u s t r a t e d  i n  Fig.  1 4  f o r  the  7863 km s a t e l l i t e  sepa ra t ion  only .  
C .  Analysis  of Results ,  Using Simulated SIRS Data 
In Figs .  8 ,  9, 11, and 12, t h e  s o l i d  l i n e  r ep resen t s  t h e  s tandard 
dev ia t ion  of t h e  e r r o r  ( i n  meters) ,  and t h e  dashed l i n e  represents  t h e  
roo t  mean square (rms) e r r o r ;  both a r e  shown a s  a funct ion  of pressure .  
The d i f f e r e n c e  between t h e  s tandard dev ia t ion  and t h e  rms values  a t  each 
p ressu re  l e v e l  is an indication of t h e  s i z e  of t h e  mean e r r o r  a t  t h i s  
l e v e l .  The rms value is  equal  t o  t h e  square roo t  of t h e  sum of t h e  
2 
squares of t h e  s tandard dev ia t ion  and t h e  mean (rms = s t a n d a r d  devia-  
2 2 
t i o n  + mean 1. 
A cursory examination of these  f i g u r e s  r evea l s  t h a t  the  curve of 
a l t i t u d e  e r r o r  v s  p res su re  fo l lows a t y p i c a l  p a t t e r n ,  r ega rd les s  of 
whether t h e  atmosphere is wet o r  dry or ,  i f  w e t ,  how the  water-vapor 
e r r o r  i s  correc ted .  Typical ly,  t h e r e  a r e  t w o  minima and two maxima. 
Table 8 
Table 9 
SATELLITE SEPARATION: 7863.0000 KR4 (6 S ta t ions ) ;  SET 2 











SATELLITE SEPARATION: 7863,0000 KM ( 7  S ta t ions ) ;  SET 4 
I I I , I 
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ERROR (MI 
Latitude range 25O-37" N Latitude range 38"-51" N Lati tude range 51°-76- H 
6 p r o f i l e s  8 p r o f i l e s  7 p r o f i l e s  





7 Fig. 11. STANDARD DEVIATION AND RMS ERROR VS PRESSURE. Wet atmosphere w i t h  s i m p l i s t i c  c l i m a t i c  correc-  
% t i o n ,  s a t e l l i t e  separat ion:  7863.0 km. C l o s e s t  approach a l t i t u d e  of ray indicated  by v e r t i c a l  l i n e .  
rD 
Table 11 
SATELLITE SEPABATION: 7888.0000 KM (6 S ta t ions ) ;  SET 2 
Table 12 















































































































































































Latitude range 25'-37O N Latitude range 38'-51' N i i t t i 2 u d a  ruige 51 "-75" N 
6 profiles 8 profiles 7 p.r,rfil.ec> 
Standard Deviation RW --- - - - - 
V) 
m 
7 Fig. .l2, 'STANDARD DEVIATION AND RMS .ERRORVS PRESSURE, Wet atmosphere wita wl;ip?.ir;tic cliniat ic 
* 
w -correction, sa te l l i t e  separation : 7888.0 km. Cl08es . t  approach altitude o: ray irldicated by 
.I verticaa line. 
0 




8 . . ,  
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c - 
Table  1 4  
SATELLITE SEPARBTION : 7863.0000 KM (6 S t a t i o n s  ); SET 2 
Table 15 
SATELLITE SEPARATION: 7863.0000 KNI (8 S t a t i o n s ) ;  SET 3 
Level (mb) 
I 
































M i n  I Max I 































SATELLITE SEPARATIOPJ: 7863.0000 KM ( 7  S t a t i o n s ) ;  SET 4 
Level (mb) 
500 .OOO 20.38 
400. OOQ 18.81 
300.060 
200 .ooo 
140 .OOO 12.65 
100.000 21.12 
70 .OOO 24.67 
50,000 
30 .000 -35 -12 










ERROR (M) % 
Latitude range 25'-37" N Latitude range 38O-51' N Lati tude range 51'-76' N 
6 p r o f i l e s  8  p r o f i l e s  7  p r o f i l e s  




I F i g .  1 3 .  STANDARD DEVIATION AND RMS ERROR VS PRESSURE. Wet atmosphere w i t h  i d e a l  water-vapor correc-  
0 
VI t i o n ,  s a t e l l i t e  separat ion:  7863.0 km. C l o s e s t  approach a l t i t u d e  of ray indicated  by v e r t i c a l  l i n e .  
w 
Latitude range 25"-30' N 
6 p r o f i l e s  
Standard Deviat ion ms - - -- - - - 
F i g .  14. STANDARD DEVIATION AND RMS ERROR VS PRESSURE. Ideal 
temperature p r o f i l e ,  dry atmosphere. S a t e l l i t e  s e p a r a t i o n :  
7863.0 km. 
One minima genera l ly  o c c u r s  i n -  t h e  nelghboehood: of.:.3OO:..t.b '4'0O~mbpand 
t h e  o ther  i n  t h e  neighborhood of 5 0  t o  70 mb. -Th&maxima .a:&&elar%ie 
30 mb l e v e l  and between 100 and 200 mb (which;. f o r  mos!tl.prbf.ile's';;:is' 
~. 
- 
t he  pressure  l e v e l  of t h e  t ropopause) .  - .  '., .;.T s,a?s.::.,, 
The p a t t e r n  can be explained by cons ider ing  t h a t  the:minimtim.atl 
t h e  lower a l t i t u d e ,  near  the  300 mb l e v e l ,  is associated-w.lth.".the!~:los- 
est approach a l t i t u d e  of t h e  raypath ( t h e  v e r t i c a l  line:'in.:'the:;d:iguPes). 
Because. t h e  system is most s e n s i t i v e  t o  atmospheric e f f e c r s  :ibc7appr;ojri- 
mately t,he lower 3 km of t h e  raypath ,  t h e  abso lu te  value of e r r o r  i n  
t h i s  neighborhood tends t o  be minimized. . .. - . i5--.~:~ .,sc-. , . . . . . . . , L  V . .  
. T h e o v e r a l l i , p a t t e r n  i s  t h e  r e s u l t  of .the e r r o r s : i i r ~ ~ ~ h ' e ~ ~ 3 m ~ e ~ a : t ~ ~ e  
prof.irle,~;,which. generate e r rors - .  i n  a l t i t u d e  when %.he t*mp%r%tb~S<a:l%i%ade 
prof.i&e isYeon.strlctedlusing . the  hyps&et.r.ic.f.%rin"<la::t.;iq~is@~f'f"e~tf:i'&l- 
i l luskraked:  by. the  absence of any - e x t  reaa-;in. .t'heS :r:esS~lesS~Pof :iiN&D :id"ea%OKD 
temperature-prof i l e  case (Fig; '14  ): whe.re::each. ~.lev~l~lK&~3ithG21~amG 'eEr%irg a 
a s  tha t~ ,of  t h e  300. .to 400. mb : l e v e l . .  .;. .. .,I 1,?;.3.:'.11. aiialnated b y  prop- 
e21 L; ,,, -~.he?ms&ni~tude: of 4:.t11e. e r r o r i ; i % -  of pi-ima%jr'; i:n.tS;rteS;tj.CniIt8f kn%b& :s&h%- 
i n  F igs .  8 and 9 t h a t ,  genera l ly ,  t h e  rms and-standar&i'a&v..i'k:tfio% :bk..1@"wz'2Z.Fd 
300 mb a r e  approximately 20 t o  30 m .  FYgure 15'shows She '300*m6%r?br: 
f o r  each of , t h e  p r o f i l e s  used i n  t h e  generat ion of Fig-;:6; pldkkSd~a@ea 
funct ion  'of rms temperature e r r o r  i n  t h e  100 t o  400 mb pressure  range.  
Although t h e r e  is ' no c l e a r  r eg ress ion  l i n e ,  . i t .  s h ~ u l d ~ b e  ;riot~dfi't.ha:~: t h e  
upper left-hand port ion of t h e  graph is f r e e  of d a t a  poin ts ;  whi'cyh2indi- 
, 
c a t e s  t h a t  a low rms value of temperature e r r o r  in- t h e  10T)":t'd:$O@'jiiIjIjEE~: 
range invar iably  r e s u l t s  in  a small  a l t i t u d e  error,  a t  t.~e'300"mb-:l'ev~l'; 
. .. 
I t  is reasonable, theref  ore, t o  expect  t h a t  improvement's- in' th% pSjf.dri' 
mance of t h e  SIRS w i l l  lead t o  concommitant irnpr'ovements - in ;tihe'. @ei-f.biT;.. 
mance of the  occu l t a t ion  system. I t  should be noted a r s o  thafl1k.. high.. 
rms value of temperature e r r o r  does not  lead necessari-ly- t6%x.k%F&e e r -  
r o r  i n  t h e  a l t i t u d e  of t h e  300 mb l e v e l ,  a s  witnessed by t h e  l a r g e  num- 
b e r  of po in t s  in  t h e  lower right-hand por t ion  of t h e  f i g u r e .  
Comparison of Figs.  8 and 9 r evea l s  t h a t  it is poss ib le  t o  choose 
a s a t e l l i t e  separa t ion  f o r  each of the  l a t i t u d e  ranges such t h a t  t h e  
rms and standard dev ia t ion  a t  t h e  300 mb l e v e l  a r e  l e s s  than 26 m .  
TEMPERATURE RMS ERROR ( O K )  
F i g .  15 .  ALTITUDE ERROR AT 300 mb VS TEMPERATURE RMS ERROR. 
Pressure range: 100 to 400 mb. 
This does not  suggest necessa r i ly  t h a t  t h e r e  must be more than one 
s a t e l l i t e  p a i r  i n  the  system, bu t  it does i l l u s t r a t e  t h a t  minimum ray 
a l t i t u d e  i s  a  s i g n i f i c a n t  parameter t h a t  should be s e l e c t e d i n  such a  
way a s  t o  optimize system performance. In f a c t ,  t he  7863.0 km separa-  
t i o n  obta ins  acceptable r e s u l t s  a t  a l l  t h r e e  l a t i t u d e  ranges.  Should 
f u r t h e r  ana lys i s  i n d i c a t e  t h a t  v a r i a b l e  s a t e l l i t e  sepa ra t ion  i s  d e s i r -  + 
ab le ,  a  small  oblateness can be introduced i n t e n t i o n a l l y  i n t o  the  s a t -  
e l l i t e  o r b i t .  Note t h a t ,  in  each f i g u r e ,  t he  lower minimum occurs in  
t h e  range of the  c l o s e s t  approach a l t i t u d e .  
I t  can be seen in  F ig .  11 t h a t , t h e  s i m p l i s t i c  water-vapor co r rec -  
t i o n  produces remarkably good r e s u l t s .  The standard dev ia t ion  and rms 
a t  t h e  300 mb l eve l  and below a r e  once again in  t h e  neighborhood of 20 
t o  30 m .  Figure 13 i l l u s t r a t e s  t h a t  the  e r r o r s  a r e  caused by the  f a i l -  
u re  of the  c o r r e c t i v e  p r o f i l e  t o  account adequately f o r  t h e  water  vapor, 
and t h e s e  r e s u l t s  should be compared t o  t h e  corresponding curves i n  F ig .  I 
8. Errors  introduced by water vapor can be t o t a l l y  el iminated by prop- 
e r l y  c o r r e c t i n g  f o r  t h e  water  vapor.  If exact  c o r r e c t i o n s  a r e  not a v a i l -  
ab le ,  even the  most s i m p l i s t i c  c o r r e c t i o n s  (Fig .  l l ) ,  i n  which a  s tandard 
water-vapor p r o f i l e  c o r r e c t s  f o r  water-vapor e f f e c t s ,  can have dramatic  
r e s u l t s .  Not c o r r e c t i n g  f o r  water  vapor w i l l  y i e l d  e r r o r s  on t h e  order  
of hundreds of meters .  
The e f f e c t  of varying t h e  minimum ray height  in  t h e  presence of 
water vapor is i l l u s t r a t e d  i n  F ig .  12. The system opera t ing  a t  t h e  
lower ray height  ( g r e a t e r  s a t e l l i t e  s e p a r a t i o n )  y i e l d s  genera l ly  poorer 
r e s u l t s  than the  system opera t ing  a t  t he  h igher  ray height  ( smal ler  s a t -  
e l l i t e  s e p a r a t i o n ) .  Because water-vapor concent ra t ion  f a l l s  off rapid ly  
with a l t i t u d e  ( sca le  height  on t h e  order  of 2  km), t h i s  i s  not  a  p a r t i c -  
u l a r l y  s u r p r i s i n g  r e s u l t ,  a s  proper water-vapor co r rec t ion  i s  more i m -  
po r t an t  a s  the  ray passes i n t o  regions  of high water-vapor content .  
. . 
,.. . , 
~. . .  
Chap te r  I V  
THE WWAII EXPERIMENT 
"One would grow poor  s t a y i n g  i n  one p l a c e  a lways."  
--Poem of t h e  Cid 
A major  concern i n  t h e  d e s i g n  of an o c c u l t a t i o n  s a t e l l i t e  system 
is t he  p o s s i b l e  e f f e c t  of a tmospher ic  t u r b u l e n c e  on system performance,  
c o n s i s t i n g  c h i e f l y  of s c i n t i l l a t i o n  of t h e  microwave s i g n a l  and t h e  
p o s s i b l e  consequent  l o s s  of phase  l o c k .  In a d d i t i o n ,  m u l t i p a t h  due  t o  
atmospher ic  water-vapor inhomogene i t i es  cou ld  cause  deep  f a d i n g  f o r  
s e v e r a l  seconds o r  longer ,  aga in  r e s u l t i n g  i n  l o s s  of phase  l ock .  A l -  
though ambigui ty  r e s o l u t i o n  b u i l t  i n t o  t h e  system hardware would make 
it easy  t o  r e e s t a b l i s h  t h e  phase-path  measurement a f t e r  lock  is r ega ined ,  
t h e r e  w i l l  b e  a t o t a l  l o s s  of d a t a  w h i l e  t h e  s i g n a l  is  i n  deep  f a d e .  
To a s s e s s  t h e  problems a s s o c i a t e d  w i t h  s c i n t i l l a t i o n  and deep  f a d e ,  
a ground t e s t  was performed between two mountains i n  Hawaii d u r i n g  June  
1970. The cho i ce  of s i t e  was de te rmined  l a r g e l y  by such  l o g i s t i c a l  f a c -  
t o r s  as t h e  a v a i l a b i l i t y  of power and s h e l t e r  and e a s e  of access. The 
H a w a i i  1 o c a t i o n . a l s o  provided a 150 km t r ansmi s s ion  p a t h  between s t a t i o n s  
. . 
a t  a r e l a t i v e l y  h igh  a l t i t u d e  f o r  a ground t e s t  (3.05 and 3.35 km above 
, s e a  l e v e l ) .  
.By p rope r  c h o i c e  of an tenna  beamwidths, t h e  i l l u m i n a t e d  a r e a  between 
t h e  t r a n s m i t t e r  and r e c e i v e r  was l i m i t e d  t o  a l t i t u d e s  between 2 and 4 km 
. . .  
above sea l e v e l ,  t h u s  avo i d ing  i n t e r f e r e n c e  from s u r f a c e  r e f l e c t i o n .  An 
o p e r a t i o n a l  p r e s su re - r e f e r ence  system w i l l  have a c l o s e s t  approach r a y  
a l t i t u d e  i n  ' t h e  neighborhood of 8 km, which i s  much h ighe r  (and d r y e r )  
than t h e  2 t o  4 km a l t i t u d e  sampled i n  t h i s  exper iment .  I t  was neces-  
s a ry ,  t h e r e f o r e ,  t o  e x t r a p o l a t e  t h e  r e s u l t s  ob ta ined  i n  Hawaii t o  t h e  
h ighe r  a l t i t u d e  s o  as t o  a s s e s s  t h e  impact of t h e  observed phenomenon 
. . 
on t h e  proposed system.  ideally, 8 km mountains were p r e f e r r e d .  None 
were a v a i l a b l e . .  
. . 
The ' d a t a  a c q u i s i t i o n  and s c i n t i l l a t i o n  a n a l y s i s  were performed by 
a group from t h e  U.S. Department of Commerce O f f i c e  of Telecomnunicat ions  
C8l. 
A .  D e s c r i p t i o n  of Measurements - 
~ a d i o - p r o p a g a t i o n  measurements were made i n  1970 o v e r  a con t inuous  
two-week p e r i o d  from 0800 June 15 through  0500 June 29 .  The t r a n s m i t t e r  
was l o c a t e d  a t  t h e  Un ive r s i t y  of Hawaii Mees S o l a r  Observatory,  a t  t h e  
summit of Haleaka la  on t h e  i s l a n d  of Maui. The r e c e i v e r  w a s  l o c a t e d  150 
km t o  t h e  s o u t h e a s t ,  a t  t h e  Mauna Loa Observa tory  ( a t  t h e  11,000 f t  l e v e l )  
on t h e  i s l a n d  of Hawaii .  
A t  t h e  t r a n s m i t t e r  end of t h e  p a t h ,  t h r e e  1 .25 m p a r a b o l i c  d i s h e s  
(beamwidth l . S O )  t r a n s m i t t e d  s i g n a l s  at  wavelengths  very  c l o s e  t o  3.4 cm 
( a  s l i g h t  f requency  o f f s e t  a t  e ach  of t h e  an t ennas  enab led  t h e  r e c e i v e r  
t o  d i s t i n g u i s h  between s i g n a l s  t r a n s m i t t e d  from e a c h  an t enna ) .  The an- 
t e n n a s  were spaced h o r i z o n t a l l y  a l ong  a l i n e  p e r p e n d i c u l a r  t o  t h e  nominal 
t r a n s m i s s i o n  pa th ,  w i t h  10 m between t h e  f i r s t  and second an tennas  and 
100  m between t h e  f i r s t  and t h e  t h i r d .  The r e c e i v e r  c o n s i s t e d  of a s i n -  
gle 2 m p a r a b o l i c  d i s h  ( l . Z O  beamwidth) and a s s o c i a t e d  e l e c t r o n i c s ,  and 
t h e  r ece ived  s i g n a l s  were r e t r a n s m i t t e d  t o  t h e  Haleaka la  s t a t i o n  v i a  a 
f r equency  -modulated t e l eme t ry  l i n k .  The beamwidths of t h e  r e c e i v i n g  and 
t r a n s m i t t i n g  an t ennas  were narrow enough t o  e n s u r e  t h a t  t h e  E a r t h ' s  su r -  
f a c e  would no t  be i l l u m i n a t e d  w i t h i n  t h e  half-power p o i n t s  of t h e  two 
a n t e n n a s .  
S i g n a l  ampl i tudes  from t h e  t h r e e  an t ennas ,  phase  v a r i a b i l i t y  of t h e  
t h r e e  t r a n s m i s s i o n  p a t h s ,  and phase d i f f e r e n c e  between t h e  f i r s t  and sec- 
ond and t h e  f i r s t  and t h i r d  an tennas  were recorded  con t i nuous ly .  Only 
t h e  s i gna l - amp l i t ude  measurements a r e  d i s c u s s e d  i n  t h i s  s t u d y .  
In a d d i t i o n  t o  t h e  r a d i o  measurements, an ins t rumented  a i r c r a f t  
equipped w i t h  a microwave ref ractometer was f lown a l o n g  t h e  r aypa th  t o  
measure  t h e  r e f r a c t i v i t y  of t h e  atmosphere.  F l i g h t s  were made approx i -  
mate ly  tw ice  a day ,  on a schedule  t h a t  ensured  sampling from each  pe r i od  
of t h e  d i u r n a l  c y c l e .  
F i g u r e s  16  and 17 are ho r i zo i l t a l  and v e r t d o a l  v iews of t h e  t ransmis -  
s i o n  p a t h .  t 
' A l l  f i g u r e s  i n  t h i s  c h a p t e r  were t aken  f  rom Ref.  8. 
F i g .  16.  HAWAII  PROPAGATION PATH. The t r a n s m i t t e r  was l o c a t e d  on 
Haleaka la .  P r e v a i l i n g  winds were from t h e  n o r t h e a s t  (upper  r i g h t -  
hand c o r n e r ) .  
B. S i g n i f i c a n t  Observa t ions  
Perhaps  t h e  most i n t e r e s t i n g  f e a t u r e  of t h e  observed r a d i o  d a t a  was 
t h e  p r e s e n c e  of p e r i o d s  of d e e p  f a d i n g ,  some a s  deep a s  -40 dB. Although 
t h e s e  ve ry  d e e p  f a d e s  Would t y p i c a l l y  have a d u r a t i o n  of on ly  a few s e c -  
onds, an oocasion, the  s i g n a l  would drop below -30 dB for as long as 20 
sec. Days w i t h  deep f a d e s  were a l s o  c h a r a c t e r i z e d  by many i n c i d e n t s  of 
less i n t e n s e  f a d i n g .  S ~ g n a l  enhancements of u p  t o  +5 dB were occas ion-  
a l l y  observed .  T y p i c a l  a m p l i t u d e  r e c o r d s  from a " q u i e t "  day (one i n  
which t h e r e  was ve ry  l i t t l e  i n t e n s e  f a d i n g )  and f rom a "no i sy"  day are 
shown i n  F i g .  18. 
F i g .  17. VERTICAL SECTION OF THE HAWAII PROPAGATION PATH. The t r a n s m i t t e r  i s  on t h e  l e f t .  
The dashed l i n e s  i n d i c a t e  t h e  beamwidths of t h e  a n t e n n a s .  Note  t h a t  o n l y  t h e  r e g i o n  from 
2 to 4 km above  sea l e v e l  is i l l u m i n a t e d  by b o t h  t h e  t r a n s m i t t i n g  and r e c e i v i n g  a n t e n n a s .  
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Fig. 18. TYPICAL AMPLITUDE RECORDS FOR A "QUIET" DAY (TYPE B) AND A "NOISY" DAY 
(TYPE D ) .  A n t e n n a s  1 a n d  3 w e r e  separated by 100 m .  
The amplitude record was divided i n t o  30 min periods,  each c l a s s i f i e d  
i n t o  one of f o u r  "fading typesr '  designated A,  B, C, and D, corresponding 
t o  
~ y p e  A :  < 5  dB peak-to-peak f  ad iag  range 
Type B: > 5 dB peak-to-peak fad ing  range 
Type C :  > 5 dB fading  range with 1 t o  5 V-shaped fades  > 15 dB 
~ y p e  D :  >5dB fading  range with over 5 V-shaped fades  >15dB 
The record of microwave fading  over t h e  two-week period of the  experiment 
i s  surmnarized i n  Fig .  19. 
I t  was necessary t o  modify the  f l i g h t  p a t t e r n  of t h e  instrumented 
a i r c r a f t  because of t h e  unexpected incidence of deep fad ing .  The o r i g i -  
n a l  plan ( " ~ l i ~ h t  Pa t t e rn  I " )  c a l l e d  f o r  the  plane t o  f l y  an H-shaped 
p a t t e r n ,  t ak ing  two v e r t i c a l  p r o f i l e s  t o  study ray propagation, and a 
h o r i z o n t a l  p r o f i l e  in between t o  be used a s  d a t a  f o r  the  s c i n t i l l a t i o n  
a n a l y s i s .  
Because t h e  presence of cleep fading  made e x t r a  v e r t i c a l  p r o f i l e s  
d e s i r a b l e ,  a  second plan ("Fl ight  P a t t e r n  11') was implemented, i n  which 
the  a i r c r a f t  f l ew a sawtooth p a t t e r n  between t h e  t r a n s m i t t e r  and the  re-  
c e i v e r .  
The f l i g h t  p a t t e r n s  a r e  a l s o  summarized i n  F ig .  99. Figures 20 and 
! 
2 1  a r e  t y p i c a l  W-profile records;  f l i g h t  4 (Fig .  20) was made during a 
type B f ad ing  period and f l i g h t  12 (Fig.  21) du r ing  a type D fading  pe- 
r i o d ,  
C .  Analysis  of ' t h e  Data 
The primary o b j e c t i v e  in  analyzing t h e  d a t a  was t o  i d e n t i f y  t h e  
mechanism respons ib le  f o r  the  deep fades  and, i f  poss ib le ,  t o  de temi l le  
whether t h i s  mechanism w i l l  be  a c t i v e  a t  t h e  8 km a l t i t u d e  a t  which the  
pressure- reference- level  system will operate.  The method chosen was t o  
r a y t r a c e  through t h e  r e f r a c t i v i t y  prof iPes (N-prof iles ) recorded by the  
a i r c r a f t  and t o  e s t a b l i s h  corxe1.ations between ray t rac ing  r e s u l t s  and 
s i g n a l  p r o p e r t i e s .  
SUMMARY OF F A  DATA 
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F i g .  19. RECORD OF MICROWAVE FADING AND INSTRUMENTED AIRCRAFT FLIGHTS. 
u 00 12 w IZ OD 11 w 12 w IZ an 12 DD 12 a fr PO IZ w it w 12 w 11 98 te 6p 
I l l  
1 5 . 1  18 I IT I 18 1 1 9  1 a / 21 1 LZ 1 2 3  1 4 6  ( 29 1 zfi / 2~ 1 ea I e s s ~ ~ e n  
I 




1 1 1 ~  
0 
00 Dbi a 0  Q O O B  
0 O C J  O O m  
I l l  I l l  
S l O  
I I  I 
8 
I I I 
FLIGHT 4 HAWAII 
881 I - 1924 June 16, I970 
F i g .  20. TYPICAL N-PROFILES TAKEN BY THE AIRCRAFT ON A QUIET DAY. The n e a r l y  v e r t i c a l  l i n e s  are 
high-frequency r e s i d u a l s  t h a t  r e s u l t  from a p p l y i n g  a low-frequency f i l t e r  to t h e  a d j a c e n t  N - p r o f i l e s .  
. . .+ 
, . 
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Fig. 21. TYPICAL N-PROFILES TAKEN BY THE AIRCRAFT ON A NOISY DAY. 
TO r a y t r a c e  through t h e  Hawaii da ta ,  a  r ay t rac ing  program w a s  re- 
qu i red  t h a t  could accommodate a  nonsymmetric atmosphere with d a t a  poin ts  
a t  v a r i e d  spacing (va r i ab le  r e so lu t ion  d a t a ) .  A similar program had been 
developed s e v e r a l  years  ago, c a l l e d  RAYTRACE, based on S n e l l ' s  Law (see 
Chapter  11). This e a r l y  program was capable of r ay t rac ing  through a  non- 
symmetric atmosphere (one i n  which h o r i z o n t a l  g rad ien t s  were nonzero), 
w i th  r e l a t i v e l y  low-resolution d a t a .  
To adapt  RAYTRACE t o  t h e  Hawaii da ta ,  a new mode of r ay t rac ing  was 
requi red .  RAYTRACE began t r a c i n g  a t  an a r b i t r a r y  "center"  of a  raypath, 
where t h e  ray was assumed hor i zon ta l ,  and then t r aced  i t s  way out ,  f i r s t  
t o  t h e  l e f t  and then t o  the  r i g h t ,  s topping when it reached " s a t e l l i t e  
a l t i t u d e . "  For t h e  Hawaii ana lys i s ,  it was necessary f o r  the  r ay t rac ing  
program t o  begin a t  a  " t r ansmi t t e r "  and then fo l low a  raypath through t o  
t h e  neighborhood of the  " rece iver ,  " each loca ted  on a  "mountain" a t  a  
given range and a l t i t u d e  . 
I t  was d e s i r a b l e ,  a l s o ,  f o r  the  program t o  r ay t race  from s a t e l l i t e -  
t o - s a t e l l i t e  through an atmosphere whose lower por t ion  cons is ted  of t h e  
Hawaii d a t a .  The var iable- resolu t ion  f e a t u r e  of t h e  program was needed 
f o r  t h i s  phase of the  ana lys i s  because it w a s  necessary t o  supplement 
t h e  Hawaii d a t a  a t  a l t i t u d e s  above 4 km with r e l a t i v e l y  low-resolution 
Standard Atmosphere d a t a .  
Details of . the  r e s u l t i n g  programs, HAWAII ( s t a t i o n - t o - s t a t i o n )  and 
THRUWAY (sa te l l i te - to-sa te l l i te ) ,  and t h e  o r i g i n a l  RAYTRACE a r e  described 
i n  Appendix C, wi th  a  l i s t i n g  of THRUWAY in  Appendix 8. 
The N-profile d a t a  were analyzed i n  f o u r  s t a g e s  
(1) Each a v a i l a b l e  v e r t i c a l  p r o f i l e  was expanded spher i ca l ly  
symmetrically, and the  HAWAII program ( s t a t ion - to - s t a t ion ,  
r a y t r a c e  between two mountains) s imulated t h e  performance 
of t h e  propagation experiment.  
( 2 )  A s m a l l  but  r ep resen ta t ive  sample of these  p r o f i l e s  was 
a l s o  expanded s p h e r i c a l l y  symmetrically and used in  the  
THRUWAY program (satellite-to-satellite) t o  s imulate the  
performance of a  s a t e l l i t e  system t r a n s m i t t i n g  through 
s p h e r i c a l l y  symmetric atmospheres whose v e r t i c a l  p r o f i l e s  
were t h e  same a s  those  obtained i n  t h e  Hawaii experiment. 
(3) The v e r t i c a l  p r o f i l e s  f   om f i v e  of t h e  a i r p l a n e  f l i g h t s  
were combined t o  form nonsymmetric atmospheres (atmo- 
spheres  wi th  nonzero h o r i z o n t a l  g r a d i e n t s ) .  
( 4 )  These nonaymetr ic  atmospheres were used with both the  
HAWAII and THRUWAY programs. 
I lotni ls  of the se  analyses  are  presented i n  t h e  fo l l owing  chapters .  
RAYTRACING STATION-TO-STATION THROUGH SYMMETRIC HAWAII  PROFILES 
"1f a man w i l l  b e g i n  w i t h  c e r t a i n t i e s ,  he  s h a l l  end i n  d o u b t s ;  
bu t  i f  he  w i l l  be c o n t e n t  t o  begin  w i t h  d o u b t s ,  he s h a l l  end 
i n  c e r t a i n t i e s  ." 
- -Franc i s  Bacon 
The f i r s t  s t a g e  i n  t h e  r a y t r a c i n g  a n a l y s i s  of t h e  Hawaii d a t a  w a s  
t o  expand e a c h  of t h e  r e f r a c t i v i t y  p r o f i l e s  genera ted  by t h e  a i r p l a n e  
i n t o  a  s p h e r i c a l l y  symmetric "a tmosphere ,"  and r a y t r a c e  t h r o u g h  t h i s  
s t r a t i f i e d  p r o f i l e  u s i n g  t h e  mounta in - tomounta in  r a y t r a c i n g  program 
HAWAII  (see C h a p t e r  IV).  
The program t r a c e s  r a y p a t h s ,  beg inn ing  a t  t h e  t r a n s m i t t e r  and con- 
t i n u i n g  t o  some p o i n t  a t  t h e  r a n g e  (150 km) of t h e  r e c e i v e r ,  t h e r e b y  
s i m u l a t i n g  t h e  c o n f i g u r a t i o n  of t h e  Hawaii exper iment  ( F i g s .  16  and 1 7 ) .  
The s t a r t i n g  a n g l e  of t h e  r a y  at  t h e  t r a n s m i t t e r  is v a r i e d  by 45 mrad, 
i n  1 mrad s t e p s ,  t h u s  g e n e r a t i n g  an image of t h e  r a y p a t h s  f o r  s i g n a l s  
l e a v i n g  t h e  t r a n s m i t t i n g  an tenna  a c r o s s  its main l o b e .  
..& 
I. The HAWAII program o u t p u t  is a computer-generated p l o t  of t h e  ray-  
p a t h s  between t h e  two s t a t i o n s  ( a t  3.05 and 3.35 km a l t i t u d e s  and s e p a -  
r a t e d  by 150 km i n  r a n g e ) ,  and p l o t s  of r e c e i v e d  power and i n t e g r a t e d  
phase  d e f e c t  ( excess  p a t h  l e n g t h  caused  by bending and r e t a r d a t i o n ) ,  
, , 
,'. b o t h  as f u n c t i o n s  of a l t i t u d e  a t  t h e  range  of t h e  r e c e i v e r  (see F i g s .  
C',. 
'i F: . 22 t o  37). I f  t h e  program d e t e c t s  a m u l t i p a t h ,  i t  w i l l  d e t e r m i n e  t h e  
magnitude and phase  of t h e  r e s u l t a n t  phasor  a t  t h e  range  of t h e  r e c e i v e r .  
T h i s  program w a s  r u n  on a n  XDS Sigma-5 computer,  and t h e  p l o t s  were drawn 
o n - l i n e  on a  1 0  i n .  Calcomp p l o t t e r .  
A t o t a l  of 77 r e f r a c t i v i t y  p r o f i l e s  were a v a i l a b l e  f o r  r a y t r a c i n g .  
The p r o f i l e s  were t r a n s c r i b e d  from a n a l o g  t a p e  o n t o  g r a p h  p a p e r .  Values  
of r e f r a c t i v i t y  were read  o n t o  computer c a r d s  a t  40 a l t i t u d e s  between 
6500 and 13,'000 f t  ( cor responding  t o  2 and 4  kin). These c a r d s  were used 
as i n p u t  t o  a  da ta -convers ion  program on a n  IBM 360/67 computer  which ' 
gave 40 v a l u e s  of r e f r a c t i v i t y  a s  o u t p u t ,  i n t e r p o l a t e d  a t  50 m i n t e r v a l s  
between 2 and 3.95 km. T h i s  i n t e r p o l a t e d  d a t a  formed t h e  i n p u t  f o r  t h e  
r a y t r a c i n g  program on t h e  XDS Sigma-5 computer.  
*- 
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A s  seen i n  F igs .  26 and 27, t h e  r e f r a c t i v i t y  p r o f i l e s  made by t h e  
a i r c r a f t  produced only r e l a t i v e  va lues  of N. To generate r e a l i s t i c  
va lues  of excess pa th  length  caused by r e t a r d a t i o n ,  abso lu te  values 
were requi red .  The excess pa th  length  r e s u l t i n g  from bending, and t h e  
shape of t h e  raypath,  a r e  both func t ions  of t h e  g rad ien t  i n  N and, 
t h e r e f o r e ,  can be computed given only r e l a t i v e  values of r e f r a c t i v i t y .  
The va lue  of N a t  4.0 km was taken a r b i t r a r i l y  as 0.0, and a  
s tandard  va lue  of r e f r a c t i v i t y  was added t o  each of t h e  40 poin ts  on 
t h e  p r o f i l e .  This s tandard value was determined from the  temperature 
and p ressu re  va lues  a t  4.0 km in  t h e  U.S. Standard Atmosphere Supple- 
ment, 1966, 15O N Annual p r o f i l e  C91, along with a  value of water-vapor 
pressure  obtained from a  s tandard p r o f i l e  C101, us ing  Eq. (2 .2)  t o  de- 
termine N given the  va lues  of T, p, and e .  
A s  a r e s u l t ,  t h e  r e f r a c t i v i t y  d a t a  progressed through s e v e r a l  s t ages  
of t r a n s c r i b i n g ,  reading,  and i n t e r p o l a t i n g  before i t  w a s  incorporated 
i n t o  t h e  r ay t rac ing  rou t ine .  Visual comparison was made between t h e  
d a t a  s e n t  from Boulder and t h e  f i n a l  r e f r a c t i v i t y  p r o f i l e  t o  ensure t h a t  
the  input  presented t o  t h e  computer was reasonably accura te  in  t h a t  no 
g ross  f e a t u r e s  had been overlooked or  spur ious  f e a t u r e s  introduced along 
t h e  l i n e .  
A s  descr ibed  i n  Chapter I V ,  t h e  Pecefvecl microwave s i g n a l s  were 
divided i n t o  f o u r  f a d i n g  types,  according t o  t h e  amount of f ad ing  pres-  
e n t  dur ing  a  30 min pe r iod :  
Type A : peak-to-peak fad ing  range < 5 dB, one p r o f i l e  
Type B :  peak-to-peak f a d i n g  range > 5 dB, 49 p r o f i l e s  
Type C :  1 t o  5 V-shaped fades  > 15 dB, 12 p r o f i l e s  
~ y p e  D: > 5 V-shaped fades  > 15 d B ,  15 p r o f i l e s  
The atmospheric e f f e c t s  gene ra l ly  held respons ib le  f o r  r a d i o  fading  
a r e  (1)  mul t ipa th  propagation in  which more than one pa th  is a v a i l a b l e  
t o  t h e  r a d i o  wave between t h e  t r a n s m i t t e r  and rece ive r ,  r e s u l t i n g  in  
d e s t r u c t i v e  i n t e r f e r e n c e  a t  t h e  rece iver ,  and (2)  defocusing i n  which 
the  r a d i o  s i g n a l  i s  "spread ou t "  over the  t ransmiss ion  pa th  ( the  l o s s  
is g r e a t e r  than t h e  1/FL2 l o s s  associa ted  wi th  s p h e r i c a l l y  propagating 
waves ) . 
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The r e s u l t s  of t h i s  por t ion  of t h e  r ay t rac ing  study are l i s t e d  i n  
Table 17, in  which t h e  incidence of mul t ipa th  and/or defocusing is com- 
pared t o  the  s i g n a l  f ad ing  type.  (For t h i s  s tudy,  defocusing is def ined  
Table 17 
FRACTION OF PROFILES EXHIBITING MULTIPATH OR DFFOCUSING 
F l i g h t  No. 




~ e f  e r s  t o  p r o f i l e s  lacking  mult i p a t h  but  e x h i b i t i n g  def musing;  def ocus- 
ing  i s , a l s o  present  when mul t ipa th  is p resen t .  
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Fract ion  P r o f i l e s  
With mult ipath 
With defocusing only 
With mul t ipa th  and/ 
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a s  a power v a r i a t i o n  g r e a t e r  than 15 dB when measured a s  a  func t ion  
of a l t i t u d e  at t h e  r ece ive r  pange.) There appears t o  be a  d e f i n i t e  
c o r r e l a t i o n  between t h e  amount and i n t e n s i t y  of f ad ing  and t h e  e x i s -  
tence  of mul t ipa th  o r  defocusing.  Although both mul t ipa th  and defo- 
cus ing  a r e  present  i n  s l i g h t l y  more than half  of t h e  type-B p r o f i l e s ,  
they a r e  present  i n  87 percent  of t h e  type-D p r o f i l e s .  I t  appears 
l i k e l y ,  t he re fo re ,  t h a t  mul t ipa th  and defocusing a r e  respons ib le  t o  
some ex ten t  f o r  t h e  fading  observed in  t h e  Hawaii e x p e ~ i m e n t .  
The "shape" of the  fades  in  t h e  record i l l u s t r a t e d  in F i g .  1 8  
sugges ts  t h a t  mul t ipa th  i s  a t  l e a s t  p a r t i a l l y  respons ib le  f o r  the  
fading;  t h i s  shape very s t rong ly  resembles t h e  r e s u l t  obtained by 
adding two r o t a t i n g  phasors, a s  i l l u s t r a t e d  in  Fig .  38. The d i s t i n -  
guishing parameter i n F i g .  38 i s  t h e  r e l a t i v e  amplitude of t h e  two 
adding phasors .  The two r o t a t i n g  phasors whose amplitudes d i f f e r  
by 0.1 dB o r  l e s s  w i l l  produce a  "fade" t h a t  is very s i m i l a r  t o  t h e  
deeper  f ades  i n  F ig .  18 .  This suggests  t h a t  t h e  observed fad ing  in  
the  Hawaii d a t a  may have been caused by r o t a t i n g  phasors of very 
c l o s e  amplitude adding a t  t he  r ece iv ing  antenna (a  mul t ipa th  s i t u a -  
t i o n ) .  
I t  is important t o  understand t h e  l i m i t a t i o n s  of t h i s  por t ion  
of t h e  s tudy.  F i r s t ,  we a r e  t r e a t i n g  t h e  atmosphere between the  
Hawaiian mountains a s  sphe r i ca l ly  symmetric which, of course,  is 
not t h e  case .  The v a l i d i t y  of t h i s  approximation i s  uncer ta in  f o r  
t h e  s c a l e  s i z e s  considered.  
Second, t h e  r e f r a c t i v i t y  d a t a  taken by the  a i r c r a f t  represent  
a  "smoothed" va lue  over  a  cons iderable  hor i zon ta l  d i s t ance  ( the  
plane f l i e s  e s s e n t i a l l y  hor i zon ta l ly ,  not v e r t i c a l l y ) ;  therefore ,  
t h e  " v e r t i c a l "  p r o f i l e  of r e f r a c t i v i t y  is not  a  v e r t i c a l  p r o f i l e  i n  
t h e  sense of a  rawinsonde p r o f i l e  being v e r t i c a l .  In add i t ion ,  t h e  
.measurements go through var ious  s t ages  of reading and t r ansc r ib ing ,  
) <. 
as descr ibed  above, before  they reach t h e  Sigma-5 computer. A s  a 
. . 
r e s u l t ,  a l though t h e  r e f r a c t i v i t y  p r o f i l e  probably is a  good repre-  
s e n t a t i o n  of t h e  Hawaii atmosphere on Some gross  s c a l e ,  indiv idual  
f e a t u r e s  of a small  s c a l e  a r e  necessa r i ly  e l iminated .  I t  i s  uncer- 
t a i n  how important these  f e a t u r e s  may be  in  expla in ing  t h e  behavior 
of t h e  microwave s i g n a l  but,  i f  they e x i s t ,  t h e i r  presence i s  not 
i n f e r a b l e  from t h e  d a t a ,  s o  t h e i r  e f f e c t  can only be  hypothesized. 
Thi rd ,  it must be emphasized t h a t  t h e  r a y p a t h s  ob t a ined  by t r a c i n g  
through t h i s  "smoothed" p r o f i l e  a r e  "average"  r aypa th s  ( t h e  a c t u a l  ray-  
p a t h s  between t h e  two mountain t o p s  i n  Hawaii probably never  looked ex- 
a c t l y  l i k e  t h e  r a y p a t h s  'drawn by t h e  computer) .  In a d d i t i o n  t o  be ing  
s p a t i a l l y  smoothed, t h e  r e f r a c t i v i t y  p r o f i l e  also r e p r e s e n t s  a t i m e  
sample because it t a k e s  t h e  a i r p l a n e  a f i n i t e  amount of t i m e  t o  g e n e r a t e  
t h e p r o f i l e  (on t h e  o r d e r  of h a l f  an hou r ) .  I t  i s  f u t i l e ,  t h e r e f o r e ,  
t o  a t t e m p t  t o  match any s p e c i f i c  f e a t u r e  i n  t h e  microwave s i g n a l ,  such  
: a s  a p a r t i c u l a r l y  deep f ade ,  w i t h  any one r a y p a t h  c o n f i g u r a t i o n .  In  
a d d i t i o n ,  because t h e  r aypa th s  a r e  e s s e n t i a l l y  a n  average  p i c t u r e  of 
t h e  s i t u a t i o n  t h a t  e x i s t e d  i n  t h e  atmosphere,  it is  q u i t e  r e a sonab l e  
t o  treat t h e  e n t i r e  r aypa th  p a t t e r n  a s  a  whole and n o t  be ove r ly  con- 
cerned w i t h  m u l t l p a t h s  o r  de focus ing  t h a t  occur  very  c l o s e  t o  t h e  re- 
c e i v e r  a l t i t u d e .  A s l i g h t  v e r t i c a l  s h i f t  i n  t h e  r e f r a c t i v i t y  p r o f i l e  
was found t o  change t h e  p o s i t i o n  of m u l t i p a t h s  and f o c u s e s  by a  much 
g r e a t e r  amount than  t h e  a c t u a l  s h i f t  i n  t h e  p r o f i l e .  
The r e s u l t s  of t h e  r a y t r a c i n g  program i n d i c a t e  t h a t  phase  d e f e c t  
is a  ve ry  s t r o n g  f u n c t i o n ,  n o t  of p a t h  c o n f i g u r a t i o n  o r  of p a t h  l eng th ,  
b u t  of a l t i t u d e  a t  t h e  range of t h e  r e c e i v e r .  In  o t h e r  words, even i n  
a  m u l t i p a t h  s i t u a t i o n ,  t h e  s i g n a l s  t h a t  a r r i v e  a t  a p a r t i c u l a r  a l t i t u d e  
a t  t h e  r e c e i v e r  range t end  t o  have phases  t h a t  are very  n e a r l y  equa l ,  on 
t h e  scale of s e v e r a l  c e n t i m e t e r s  ( see ,  f o r  example, F i g .  33 o r  37).  
A t  f i r s t ,  one might be tempted t o  a t t r i b u t e  t h l s  phenomenon t o  
Fermat ' s  P r i n c i p l e  b u t ,  i n  f a c t ,  t h i s  is  no t  t h e  c a s e .  According t o  
t h i s  p r i n c i p l e ,  t h e  o p t i c a l  l e n g t h  of an a c t u a l  ray  between any two 
p o i n t s  PI and P2 
is s h o r t e r  than  t h e  o p t i c a l  l e n g t h  of any o t h e r  cu rve  t h a t  j o i n s  t h e s e  
p o i n t s  and l ies  i n  a c e r t a i n  r e g u l a r  neighborhood of i t .  (Here, n  is  
t h e  index  of r e f r a c t i o n  of t h e  medium and d s  is an  e l emen ta l  d i s t a n c e  
a l o n g  t h e  r aypa th . )  " ~ e g u l a r  neighborhood" r e f e r s  t o  a reg ion  t h a t  may 
be covered  by r a y s  i n  such  a way t h a t  one (and on ly  one)  ray  p a s s e s  
th rough  each  p o i n t  [Ill. Fennat  'S P r i n c i p l e ,  t h e r e f o r e ,  s p e c i f i c a l l y  
exc ludes  media t h a t  g i v e  rise t o  m u l t i p a t h  s i t u a t i o n s .  
F i g u r e s  39 and 40 i l l u s t r a t e  t h e  dependence of phase  and power on 
a l t i t u d e  a t  t h e  r e c e i v e r  range and are expans ions  of F i g s .  36 and 37 
i n  t h e  r e g i o n  of 3.4 km. Note t h a t  t h e  phase d i f f e r e n c e  between t h e  
m u l t i p a t h  s i g n a l s  is on t h e  o r d e r  of a  wavelength.  F igu re s  41 and 42 
p l o t  t h e  power d i f f e r e n c e  and phase d i f f e r e n c e  between t h e  m u l t i p a t h  
s i g n a l s  a s  a  f u n c t i o n  of a l t i t u d e  a t  t h e  r e c e i v e r  range .  The cu rve  i n  
F i g .  42 has  a  s l o p e  of 0 . 1  wavelength/m i n  t h e  r e g i o n  between 3.402 and 
3.405 km and an  ave rage  s l o p e  of -0.3 w a v e l e n g t h h  between 3.405 and 
3.4085 km. F i g u r e  42 shows t h a t  a  v e r t i c a l  s h i f t  of 6 m i n  t h e  an t enna  
p o s i t i o n ,  o r  i n  t h e  i ndex -o f - r e f r ac t i on  p r o f i l e  r e l a t i v e  t o  t h e  two an-  
t ennas ,  c a u s e s  t h e  phase d i f f e r e n c e  t o  va ry  on ly  1.2 wavelengths .  
I n s p e c t i o n  of t h e  ampli tude record  of t h e  microwave s i g n a l  d u r i n g  
p e r i o d s  of deep  f a d e  shows t h a t  i n c i d e n t s  'of d e e p  f a d e  (< -30 dB) a r e  oc- 
c a s i o n a l l y  i n t e r s p e r s e d  w i th  ,an i n c i d e n t  of s i g n a l  enhancement. I t  is 
much more common, however, f o r  i n c i d e n t s  of deep  f a d e  o r  enhancement t o  
be c l u s t e r e d  i n  groups,  which i n d i c a t e s  t h a t ,  i f  t h e  rece ived  s i g n a l  is 
t h e  sum of two r o t a t i n g  phaso r s ,  t h e  phaso r s  t e n d  t o  o s c i l l a t e  r e l a t i v e  
t o  one a n o t h e r  r a t h e r  t han  swing through f u l l  c i r c l e s  of 360'. Thi s  is 
c o n s i s t e n t  w i th  t h e  s i t u a t i o n  i l l u s t r a t e d  i n  F i g .  42, i n  which t h e  phase 
d i f f e r e n c e  between two m u l t i p a t h  s i g n a l s  is less than a wavelength.  Note 
t h a t  t h e  phase  of t h e  d e t e c t e d  s i g n a l  may va ry  c o n s i d e r a b l y  r e l a t i v e  t o  
some a r b i t r a r y  va lue ,  wh i l e  t h e  phase d i f f e r e n c e  of i t s  two component 
s i g n a l s  remains  s m a l l .  
F i g u r e  41 shows t h e  power d i f f e r e n c e  ove r  t h e  same r e g i o n .  The 
average  s l o p e  o v e r  t h e  i n t e r v a l  below 3.407 km i s  0.86 d ~ / m ,  and t h e  
maximum v a r i a t i o n  over  t h e  6 m i n t e r v a l  between 3.402 and 3.408 km is 
= 4.5 dB. 
The i n t e n s i t y  d i s t r i b u t i o n  of t h e  deep  f a d e s  i n d i c a t e s  t h a t  27 pe r -  
c e n t  of t h e  f a d e s  a r e  caused  by s i g n a l s  w i t h  ampl i tude  d i f f e r e n c e  g r e a t e r  
than  0.8 dB, 51 p e r c e n t  are caused by s i g n a l s  t h a t  d i f f e r  by more than  
0.5 dB, 67 p e r c e n t  by s i g n a l s  t h a t  d i f f e r  by more than  0.3 dB, and 75 
p e r c e n t  by s i g n a l s  t h a t  d i f f e r  by more than 0.2 dB. Thus, 25 pe rcen t  
Of t h e  deep  f a d e s  a r e  a t t r i b u t a b l e  t o  t h e  sum of two s i g n a l s  t h a t  d i f f e r  
by no t  more than  0.2 dB i n  ampl i tude .  
The r e s u l t s  of t h e  r a y t r a c i n g  s t u d y  i n d i c a t e  t h a t  t h e r e  is a d e f i n i t e  
:.: 
c o r r e l a t i o n  between observed m u l t i p a t h  and d e f o c u s i n g  i n  t h e  s p h e r i c a l l y  
, . symmetric p r o f i l e s  and t h e f a d i n g  observed i n  t h e  microwave s i g n a l s .  The 
! .  
, . 
very  b r i e f  s t a t i s t i c a l  s t u d y  of t h e  i n c i d e n t s  of deep  f a d e  c o r r o b o r a t e s  
t h i s  h y p o t h e s i s .  C l e a r l y ,  o p p o r t u n i t i e s  are p l e n t i f u l  f o r  f u r t h e r  s ta t is-  
! t i c a l  a n a l y s i s  of t h e s e  d a t a .  Thompson e t  a1 181 p r e s e n t  some i n t e r e s t i n g  
s t u d i e s  of amp l i t ude  and phase d i s t r i b u t i o n s .  
Fig. 22. N-PROFILE FOR FLIGHT 03A1, AS DRAWN BY THE SIGlkN-5 COMPUTER. 
The number 0381 refers to  t h e  f irst a s c e n t  made on t h e  t h i r d  f l i g h t .  








o F i g .  23. COMPUTER-DRAWN RAYPATHS FOR PROFIEF: 03A1 .  P r o f i l e  of F i g .  22 was expanded s p h e r i c a l l y  symme- 
Ln 
a t r i c a l l y  and used wi th  t h e  raytrac ing  program t o  develop t h i s  diagram. Box on l e f t  = Haleakala trans-  
m i t t e r ;  box on r i g h t  = Mauna Loa r e c e i v e r .  V e r t i c a l  scale is g r e a t l y  expanded. 
. . 
- .... - -d 
Fig.  24. POWER VS ALTITUDE AT THE RECEIVER RANGE FOR PROFILPl 03Af. This 
f igure  i l l u s t p a t e s  the  power that would be detected by a receiver i f  the 
rece iver  moves v e p t i s a l l y  along the right-hand ax i s  of Fig .  23. 
PHASE (MI 
Fig.  25. PHASE VS ALTITUDE AT THE RECEIVER RANGE FOR PROFILE 03A1. This 
f igure  i l l u s t r a t e s  the phase that would be detected by a rece iver  i f  the 
receiver moves v e r t i c a l l y  along the right-hand ax i s  of Fig.  23. 
F i g .  26. N-PROFILE FOR FLIGHT 04D1, AS DRAWN BY THE SIGMA-5 COMPUTER. 
The 04D1 refers t o  t h e  first d e s c e n t  made on t h e  f o u r t h  f l i g h t .  T h i s  
p r o f i l e  was taken dur ing  a type-B p e r i o d .  
- 
w Fig. 27. COMPUTER-DRAWN RAYPATHS FOR PROFILE 04D1. 
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Fig. 29. P ~ S E  VS' ALTITUDE AT THE RECEIVER RANGE FOR PROFILE 0&1. 
. , . . ,  
. . 
F i g .  30. N-PROFILE FOR FLIGHT PBD2, AS DRAWN BY THE SIGNIA-5 COMPUTER. 
l l D 2  refers t o  t h e  second d e s c e n t  made on t h e  e l e v e n t h  f l i g h t .  T h i s  
p r o f i l e  was taken d u r i n g  a type-D p e r i o d .  
RANGE (KM)  
w Fig. 31. COMPUTER-DRAWN RAYPATHS FOR PROFILE llD2. N o t e  t h e  e x t e n s i v e  m u l t i p a t h .  
F i g .  32. POWER VS ALTPTwDE AT THE RECEIVER RANGE FOR PROFILE llD2. The 
double-valued nature of t h i s  curve c l e a r l y  i n d i c a t e s  t h e  presence of 
mul t ipath .  
PHASE ( M I  
Fig. 33. PHASE VS ALTITUDE AT THE RECEIVER RANGE FOR PROFILE llD2. 
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F i g .  34. N-PROFILE FOR FEIGBT f2D2, AS DRAWN BY THE SIGMA-5 COMPUTER. 
12D2 refers t o  t h e  second d e s c e n t  made on t h e  t w e l f t h  f l i g h t .  T h i s  
p r o f i l e  was taken  d u r i n g  a type-D p e r i o d .  
4 
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Fig. 35. COMPUTER-DRAWN RAYPATHS FOR PROFILE 12D2. 
BOWER (05) 
Fig. 36. POWER VS ALTITUDE AT THE RECEIVER RANGE FOR PROFILE 1 2 D 2 .  
PHASE (MI 
Fig. 37. PHASE VS ALTITUDE AT THE RECEIVER RANGE FOR PROFILE 12D2. 
" r ; ; ; : ; : : ; ! I  PHeSDR SUM-RESULTANT AMP VS ANGLE 
R E L A T I V E  PHASOR ANGLE [DEGl 
Fig.  38.  RESULT OF ADDING lW0 PHASORS. These curves represent f i v e  
values of r e l a t i v e  phasor amplitude. Reading. upward a t  the 180° 
abscissa  value, the phasors d i f f e r  by 0 . 1 ,  0.5, 1.0 ,  2.0, and 5 . 0  
dB, respect ive ly  . 
POWER (dB) 
F i g .  39.  POWER VS ALTITUDE AT THE RECEIVER RANGE FOR PROFILE 1ZD2. 
An e x p a n s i o n  of a p o r t i o n  of F i g .  36. 
PHASE (WAVELENGTHS) 
F i g .  40. PHASE VS ALTITUDE AT THE RECEIVER RANGE FOR PROFILE 12D2. 
An expansion of a port ion of F i g .  37. 
POWER DIFFERENCE (dB) 
F i g .  41. POWER DIFFERENCE VS ALTITUDE AT THE RECEIVER RANGE FOR 
PROFILE 12D2. D e r i v e d  from F i g .  40. 
0.0 0.2 0.4 0.6 0.8 1 .O 1.2 1.4 
PHASE DIFFERENCE (WAVELENGTHS) 
F i g .  42. PHASE DIFFERENCE V S  ALTITUDE AT THE RECEIVER RANGE FOR 
PROFILE 12D2. Derived from F i g .  41. 
Chap te r  V I  
FURTHER ANALYSES OF THE HAWAII DATA 
"one good t u r n  d e s e r v e s  ano the r . "  
--Gaius P e t r o n i u s  
I n  t h e  f o r e g o i n g  computer a n a l y s i s  of t h e  Hawaii N-prof i l es ,  e ach  
v e r t i c a l  p r o f i l e  ob ta ined  by t h e  a i r c r a f t  was expanded s p h e r i c a l l y  sym- 
m e t r i c a l l y  and then  used  as i n p u t  f o r  t h e  r a y t r a c i n g  r o u t i n e ;  t h i s  was 
t h e  most e x t e n s i v e  a n a l y s i s  performed on t h e  d a t a .  I t  is p o s s i b l e  t o  
use  t h e s e  d a t a  i n  o t h e r  c o n f i g u r a t i o n s ,  and t h e s e  f u r t h e r  a n a l y s e s  w i l l  
be d e s c r i b e d  i n  t h i s  c h a p t e r .  
A .  Nonsymmetric Rayt rac ing  
Because t h e  a i r c r a f t  recorded s e v e r a l  v e r t i c a l  p r o f i l e s  on each  of 
i t s  runs ,  i t  is  p o s s i b l e  t o  combine t h e  p r o f i l e s  t o  c o n s t r u c t  a  s i n g l e  
nonsymmetric N-prof i l e  f o r  each  f i i g h t  (an N-prof i l e  w i t h  nonzero h o r i -  
z o n t a l  g r a d i e n t s ) .  I lopeful ly ,  such  a p r o f i l e  would be a  more' r e a l i s t i c  
r e p r e s e n t a t i o n  of t h e  c o n d i t i o n s  t h a t  e x i s t e d  a l o n g  t h e  t r an smi s s ion  
p a t h  when t h e  f l i g h t  was made. 
To o b t a i n  N-prof i l es ,  t h e  a i r p l a n e  f l e w  two p a t t e r n s  (Chapter  I V ) .  
F l i g h t - p a t t e r n  I was H-shaped, w i th  two v e r t i c a l  p r o f i l e s  recorded on 
each  f l i g h t ;  f l i g h t - p a t t e r n  I1 w a s  sawtoothed, w i th  s e v e r a l  v e r t i c a l  
p r o f i l e s  recorded  (see F i g .  19). I t  should  be  no ted  a g a i n  t h a t ,  even 
i n  p a t t e r n  I ,  t h e  " v e r t i c a l "  p r o f i l e  i s  no t  t r u l y  v e r t i c a l  because t h e  
p l a n e  cannot  c l imb  a t  an ang l e  g r e a t e r  t han  a few deg ree s  from t h e  hor-  
i z o n t a l .  
N-prof i l es  from f i v e  r e p r e s e n t a t i v e  f l i g h t s  were chosen f o r  nonsym- 
. . 
metric a n a l y s i s .  
Type-A p e r i c d :  one f l i g h t ,  f l i g h t  p a t t e r n  I 
Type-B: two f l i g h t s ,  one  each  of p a t t e r n s  I and I 1  
Type-C: one f l i g h t ,  ' p a t t e r n  I 
, , .  , . , . . .  . ' 
Type-D: one f l i g h t ,  p a t t e r n  I 1  
A type-A period i s  t h e  " q u i e t e s t "  from t h e  p o i n t  of view of t h e  number 
of i n c i d e n t s  of i n t e n s e  r ad io  fading ,  and type-D is t h e  "no i s i e s t . "  
The v e r t i c a l  p r o f i l e s  were used t o  c o n s t r u c t  a  nonsymmetric 
atmosphere f o r  each f l i g h t .  This "atmosphere" cons is ted  of a  matr ix 
of N-values, wi th  40 v e r t i c a l  po in t s  (spaced 0.05 km a p a r t ,  a s  i n  t h e  
symmetric case  descr ibed  in  Chapter V) and e i t h e r  31  o r  161 hor i zon ta l  
p o i n t s  (5 o r  0.95 km, r e spec t ive ly ) ,  depending on t h e  f l i g h t  p a t t e r n .  
In t h e  pa t t e rn - I  d a t a ,  each v e r t i c a l  p r o f i l e  w a s  entered a s  a  column of 
t h e  matr ix ,  t he  choice  of column determined by t h e  loca t ion  of the  air- 
c r a f t  when it made t h e  v e r t i c a l  p r o f i l e .  In t h e  pa t t e rn - I1  d a t a ,  each 
v e r t i c a l  p r o f i l e  was read i n t o  t h e  matr ix  i n  such a way a s  t o  s imula te  
t h e  sawtoothed conf igura t ion  flown by t h e  a i r c r a f t .  This is t h e  reason 
f o r  t h e  g r e a t e r  number of ho r i zon ta l  p o i n t s  used t o  represent  f l i g h t -  
p a t t e r n  I 1  d a t a  (161 hor i zon ta l  po in t s  a r e  requi red  t o  accommodate f o u r  
40-point p r o f i l e s  in  a  sawtooth arrangement; a s  in  f l i g h t - p a t t e r n  I d a t a ,  
31 po in t s  would provide s u f f i c i e n t  ho r i zon ta l  r e s o l u t i o n . )  
The po in t s  i n  t h e  matr ix not  occupied by o r i g i n a l  d a t a  were f i l l e d  
by cons t ruc t ing  simple l i n e a r  g r a d i e n t s  between po in t s  of the  o r i g i n a l  
p r o f i l e s .  A s e p a r a t e  hor'zontal g rad ien t  w a s  e s t ab l i shed  f o r  each of 
t h e  40 v e r t i c a l  l e v e l s  and, i n  t h e  f l i g h t - p a t t e r n  I 1  atmospheres, be- 
tween each of the  p r o f i l e s .  The r e s u l t  w a s  an N-matrix with nonzero 
h o r i z o n t a l  g rad ien t s .  These nonsymmetric p r o f i l e s  (Fig.  43) were used 
a s  inpu t  t o  t h e  HAWAII  r ay t r ac ing  rou t ine .  The HAWAII program, based 
on a S n e l l ' s  Law ray t rac ing  method, has the  c a p a b i l i t y  of r ay t rac ing  
through nonsymmetric atmospheres. 
The r e s u l t s  of t h i s  ana lys i s  a r e  i l l u s t r a t e d  in  Figs .  44 through 
48. A s  can be seen, t h e  r e s u l t s  of nonsymmetric r ay t rac ing  do not d i f  - 
fe r  d r a s t i c a l l y  from t h e  r e s u l t s  obtained i n  t h e  s p h e r i c a l l y  symmetric 
a n a l y s i s .  
Although t h i s  case  of a  s imple l i n e a r  g r a d i e n t  is i n t e r e s t i n g ,  it 
has  c e r t a i n  shortcomings. I t  is very u n l i k e l y  t h a t  t h e  atmosphere'along 
t h e  t ransmission pa th  i n  Hawaii cons i s t ed  of one o r  two simple l i n e a r  
g r a d i e n t s .  A more r e a l i s t i c  p i c t u r e  would account f o r  small  pockets of 
h igh  o r  low values  of N, corresponding t o  small convective c e l l s .  The 
model descr ibed  thus f a r  is more s o p h i s t i c a t e d  than a simple symmetric 
atmosphere; nonetheless  i t  i s  a b i t  t o o  simple t o  be real. 
Another problem is t h a t  t h e  N+ata used t o  ~ o n s t r u c t t h e  v e r t i c a l  
p r o f i l e s  p r i o r  t o  computing t h e  hor i zon ta l  g rad ien t s  probably w i l l  con- 
t a i n  f e a t u r e s  t h a t  look l i k e  hor i zon ta l  l aye r ing  but a r e ,  i n  f a c t ,  spu- 
r i o u s .  These " layers"  a r e  generated when the  a i r p l a n e  h i t s  an updra f t  
o r  a  downdraft and suddenly r i s e s  o r  f a l l s . .  This v e r t i c a l m o t i o n  ap- 
pears  i n  t h e  N-profile a s  a  sudden decrease o r  increase  in  N; however, 
it merely r ep resen t s  t h e  f a c t  t h a t  t h e  a i r c r a f t  was not  climbing o r  de- 
scending a t  a  uniform r a t e .  When l i n e a r  g rad ien t s  a r e  cons t ruc ted  from 
t h i s  contaminated da ta ,  t h e s p u r i o u s  l a y e r  " s t r e t ches"  out  over  scores  
of k i lometers  when, i n  f a c t ,  it might have a  much smal ler  ho r i zon ta l  
ex ten t  i f  it e x i s t s  as  a  l aye r  a t  a l l .  
A s t a t i s t i c a l  approach was applied t o  overcome these  d i f f i c u l t i e s .  
Each of t h e  v e r t i c a l  p r o f i l e s  was smoothed with a  0 .1  km lowpass f i l t e r  
t o  remove the  e f f e c t s  of spurious layer ing ,  and these  smoothed p r o f i l e s  
were used t o  cons t ruc t  l i n e a r  ho r i zon ta l  g r a d i e n t s , '  a s  described above. 
A random-number genera tor  was employed t o  cons t ruc t  a  matrix of 
random v a r i a t e s ,  with t h e  same number o f  rows and columns as  the  N-ma- 
t r i x .  This random-variate matr ix was smoothed, f i r s t  ho r i zon ta l ly  and 
then  v e r t i c a l l y ,  t o  e l iminate  any l a r g e  g rad ien t s ,  and then adjusted t o  
. . 
a  mean of 0  and a  s tandard dev ia t ion  of i .00. Each row was mul t ip i ied  
by a  f a c t o r  obtained by taking  t h e  rms value of t h e  high-frequency com- 
ponent of t h e  N-prof i lei  f o r  each f l i g h t . t  The r e s u l t i n g  matr ix of 
smoothed, ad jus ted ,  and scaled random v a r i a t e s  was added t o  t h e  N-matrix 
cons t ruc ted  from t h e  smoothed N-prof iles . 
Figures  45 and 46 a r e  samples of t h e  N-profiles from th'& matrfx,  
before  and a f t e r  the  random v a r i a t e s  were added. ~ o t e  t h e  s i m i l a r i t y  
between t h e  N-profiles from t h e  s t a t i s t i c a l  atmosphere and those from 
the  s imple l i n e a r  gradient  atmosphere (Fig. 43).  The d i f f e rence ,  of 
course,  is t h a t  t h e  dev ia t ions  from a smooth p r o f i l e  a r e  regular ,con- 
s i s t e n t ,  and r e l a t i v e l y  la rge-sca le  hor i zon ta l  dev ia t ions  in  t h e  case  
of t h e  l i n e a r  gradient ;  i n  t h e  s t a t i s t i c a l  case ,  t h e  dev ia t ions  a r e  
i r r e g u l a r  and of a  smal ler  ho r i zon ta l  s c a l e  because of the  random na- 
. . t u r e  of t h e  added term. 
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+These high-frequency p r o f i l e s ,  t w b  o f  which a r e  i l l u s t r a t e d  in  F ig .  
20, were provided along with t h e  N-profiles by t h e  Boulder group. 
The r e s u l t s  of r a y t r a c i n g  th rough  t h e s e  nonsymmetric s t a t i s t i c a l  
p r o f i l e s  (F ig .  47) are very similar t o  t h o s e  ob ta ined  from t h e  s imp le  
l i n e a r  g r a d i e n t  and, by ex t ens i on ,  t o  t h o s e  ob ta ined  from t h e  s i m p l e r  
s p h e r i c a l l y  symmetric expans ions  of t h e  v e r t i c a l  p r o f i l e s .  
The s i m i l a r i t y  of t h e s e  t h r e e  c a s e s  i l l u s t r a t e s  t h e  small e f f e c t  
t h a t  h o r i z o n t a l  g r a d i e n t s  have on r a y  p ropaga t i on .  Equally i n t r i g u i n g  
is t h e  f a c t  t h a t ,  even i n  t h e  p r e sence  of hor izon ta l .  g r a d i e n t s ,  when 
a m u l t i p a t h  s i t u a t i o n  e x i s t s ,  t h e  exce s s  p a t h  l e n g t h  (phase d e f e c t )  
a p p e a r s  t o  be dependent  on t h e  endpo in t s  r a t h e r  than  on t h e  r a y p a t h  
i t s e l f .  F i g u r e  48 p r e s e n t s  some examples of t h e  phase v s  a l t i t u d e  
r e c o r d  f o r  nonsymmetric a tmospheres  t h a t  y i e l d  mu l t i pa th .  
B. Ray t r ac ing  S a t e l l i t e - t o - S a t e l l i t e  
An o p e r a t i o n a l  o c c u l t a t i o n  system w i l l  t r a n s m i t  s i g n a l s  between 
two sa te l l i t es  r a t h e r  than  between two ground s t a t i o n s .  To de t e rmine  
how an  o c c u l t a t i o n  system would respond i f  it were t o  t r a n s m i t  th rough  
t h e  N-prof i l es  measured i n  t h e  Hawaii exper iment ,  t h e  s a t e l l i t e - t o -  
sa te l l i te  r a y t r a c i n g  r o u t i n e  THRUWAY w a s  adap t ed  t o  accommodate t h e  
Hawaii d a t a .  The Hawaii N-prof i l es  p rov ide  d a t a  only between 2 and 4 
km above s e a  l e v e l .  Because THRUWAY r e q u i r e s  d a t a  from 6 9  km down 
t o  t h e  minimum a l t i t u d e  of t h e  ray ,  i t  was necessa ry  t o  "extend" t h e  
v e r t i c a l  range .  
The U.S. S tandard  Atmosphere Supplement, 1966, 15" N Annual t e m -  
p e r a t u r e  p r o f i l e  CSl combined w i t h  a  s t anda rd  high-humidity water-vapor  
p r o f i l e  ( t h e  h i g h  humidity cu rve  i n  F i g .  53) gene ra t ed  a "s tandard"  
p r o f i l e  of r e f r a c t i v i t y  v s  a l t i t u d e  (F ig .  49),  and t h e  Hawaii d a t a  
were t h e n  merged i n t o  t h i s  p r o f i l e .  In t h e  nonsymmetric d a t a ,  t h e  
h o r i z o n t a l  g r a d i e n t  e x i s t i n g  a t  t h e  2 km l e v e l  was c a r r i e d  through t o  
t h e  lower a l t i t u d e s .  The a tmosphere  was cons ide r ed  t o  be s p h e r i c a l l y  
symmet'ric above 4 km. 
Four  r e p r e s e n t a t i v e  p r o f i l e s  (one from e a c h  of t h e  " fad ing  t y p e s " )  
were chosen for  symmetric r a y t r a c i n g  i n  t h e  s a t e l l i t e - t o - s a t e l l i t e  mode. 
R e s u l t s  of t h i s  exper iment  are shown i n  F ig .  50; only t hose  p o r t i o n s  of 
t h e  r a y p a t h  below t h e  1 6  km l e v e l  are i l l u s t r a t e d .  The t h r e e  pa r abo l a s  
i n d i c a t e  t h e  0 ,  2, and 4 km l e v e l s .  ( O r i g i n a l  d a t a  e x i s t e d  o n l y  between 
t h e  2 and 4 km l e v e l s .  Between 0 and 2 km and above 4 km, t h e  measurements 
were o b t a i n e d  f rom t h e  S tandard  Atmosphere Supplement, a s  d e s c r i b e d  above.  ) 
The s a t e l l i t e  a l t i t u d e  is  assumed t o  b e  1110;O km, and t h e  t r a n s m i t t e r  i s  
l o c a t e d  31.98' from t h e  v e r t i c a l ,  a s  measured f rom a  p o s i t i o n  c o r r e s p o n d i n g  
t o  t h e  c e n t e r  of t h e  diagram.  
These d iagrams  i l l u s t r a t e  t h e  r e l a t i v e  preponderance of m u l t i p a t h  and 
defocus ing ,  even i n  t h o s e  c a s e s  t h a t  cor respond  t o  t h e  v e r y  q u i e t  w e l l -  
behaved r e s u l t s  o b t a i n e d  when r a y t r a c i n g  i n  t h e  s t a t i o n - t o - s t a t i o n  mode. 
Apparen t ly ,  m u l t i p a t h  is an u n a v o i d a b l e  phenomenon i n  t h e  satel l i te- to-  
s a t e l l i t e  c o n f i g u r a t i o n ,  a t  l e a s t  f o r  t h o s e  r a y s  w i t h  c l o s e s t  approach  
. . 
a l t i t u d e  i n  t h e  2  t o  4 km range .  (N.B. :  t h e  pressure-reference-level 
system w i l l  have a c l o s e s t  approach a l t i t u d e  i n  t h e  6 t o  9 km r a n g e . )  
In a d d i t i o n  t o  t h e  f o u r  symmetric c a s e s ,  t h e  f i v e  nonsymmetric c a s e s  
c o n s i d e r e d  i n  t h e  s t a t i o n - t o - s t a t i o n  mode were a l s o  analyzed w i t h  t h e  s a t -  
e l l i t e - t o - s a t e l l i t e  program. The r e s u l t s  a r e  shown i n  F i g s .  51 and 5 2 .  
The s a t e l l i t e  a l t i t u d e  and p o s i t i o n  were t h e  same as f o r  t h e  symmetric 
p r o f i l e s .  Once a g a i n ,  t h e  measured d a t a  e x i s t e d  only between t h e  2 and 
4 km l e v e l s ;  however, h o r i z o n t a l  g r a d i e n t s  a t  t h e  2 km l e v e l  were c a r r i e d  
th rough  t o  t h e  lower  a l t i t u d e s .  In a d d i t i o n ,  because  d a t a  e x i s t  o n l y  f o r  
a h o r i z o n t a l  r a n g e  of approx imate ly  150 km and t h e  r a y  t r a v e l s  approx i ;  
mately  500 km h o r i z o n t a l l y  i n  t h e  lower 3 km of i t s  p a t h ,  it was n e c e s s a r y  
t o  "extend" t h e  H a w a i i  d a t a  h o r i z o n t a l l y .  T h i s  was accomplished merely by 
" f l i p p i n g "  t h e  atmosphere at  e a c h  end of t h e  ,150 km range,  chang ing  nega- 
t i v e  g r a d i e n t s  t o  p o s i t i v e  g r a d i e n t s  (and v i c e  v e r s a ) ,  b u t  m a i n t a i n i n g  t h e  
s t a t i s t i c a l  p r o p e r t i e s  of t h e  p r o f i l e .  
Once a g a i n ,  t h e  preponderance of m u l t i p a t h  and d e f o c u s i n g  can  be  s e e n ,  
a s  i n  t h e  symmetric case. S i m i l a r l y ,  a s  i n  t h e  nonsymmetric s t a t i o n - t o -  
s t a t i o n  r a y t r a c i n g ,  t h e r e  a p p e a r s  t; be very  l i t t l e  d i f f e r e n c e  between t h e  
r e s u l t s  o b t a i n e d  from t h e  l i n e a r  g r a d i e n t  p r o f i l e  and t h o s e  o b t a i n e d  from 
t h e  " s t a t i s t i c a l  p r o f i l e . "  
a .  F l i g h t  2 :  f l i g h t - p a t t e r n  I ,  t y p e 4  f a d i n g  
F i g .  43. NONSYMMETRIC LINEAR GRADIENT N-PROFILES. These v e r t i c a l  samples were generated from t h e  data  
accumulated by the  instrumented a i r c r a f t .  Linear gradients  were used t o  f i l l  i n  p o i n t s  not  represented 
by o r i g i n a l  d a t a .  For c l a r i t y ,  each of the  succeeding p r o f i l e s  i s  s h i f t e d  s l i g h t l y  t o  t h e  r i g h t .  
b .  F l i g h t  4 :  f l i g h t - p a t t e r n  I ,  type-B f a d i n g  
F i g .  43.  CONTINUED. 
c .  F l i gh t  14:  f l i gh t -pa t t ern  I ,  type-A fading 
F i g .  43.  CONTINUED. 
d .  F l i g h t  11: f l i g h t - p a t t e r n  11, type-D fading  
Fig.  43. CONTINUED. 
e. Flight 16: flight-pattern 11, type-B fading 
Fig. 43. CONTINUED. 
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Fig. 44.  COMPUTER-DRAWN RAYPATHS FOR THE NONSYMMETRIC PROFILES IN FIG.  43 .  
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a .  F l i g h t  2: f l i g h t - p a t t e r n  I ,  type-C f a d i n g  
F i g .  45.  NONSYMMETRIC SMOOTHED N-PROFIIES. Generat ion of t h e s e  samples  was t h e  same a s  f o r  t h e  p r o f i l e s  
i n  F i g .  43, w i t h  t h e  e x c e p t i o n  t h a t  t h e  a i r c r a f t - o r i g i n a t e d  d a t a  were run through a smoothing f i l t er  
p r i o r  t o  g e n e r a t i n g  t h e  l i n e a r  g r a d i e n t s .  
b. F l i g h t  4 :  f l i g h t - p a t t e r n  I ,  type-B f a d i n g  
F i g .  45. CONTINUED. 
c .  F l i g h t  14 :  f l i gh t -pa t t ern  I ,  type-A fading  
F i g .  45.  CONTINUED. 
d. Flight 11: flight-pattern 11, type-D fading 
Fig. 45. CONTINUED. 
e .  F l i g h t  1 6 :  f l i g h t - p a t t e r n  11, type-B f a d i n g  
Fig. 45. CONTINUED. 
a .  F l i g h t  2 :  f l i g h t - p a t t e r n  I ,  type-C f a d i n g  
F i g .  46. NONSYMMETRIC STATISTICAL N-PROFILES. These samples  were genera ted  by adding a random v a r i a t e  
t o  t h e  p r o f i l e s  i n  F i g .  45.  
b .  Flight 4 :  f l ight-pattern I,  type-B fading 
Fig.. 46. CONTINUED. 
c. Flight 14: flight-pattern I, type-A fading 
Fig. 46. CONTINUED. 
d. Flight 11: flight-pattern 11, type-D fading 
Fig. 46. CONTINUED. 
e .  F l i g h t  16: f l i g h t - p a t t e r n  11, type-B fading 
F i g .  46. CONTINUED. 
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F i g .  47. COMPUTER-DRAWN RAYPATHS FOR THE NONSYMMETRIC STATISTICAL PROFILES IN FIG.  46. 
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Fig. 47. CONTINUED. 
PHASE ( M I  
a .  F l i g h t  11, l i n e a r  g r a d i e n t  ( s e e  F i g .  4 3 d )  
F i g .  4 8 .  PHASE VS ALTITUDE AT THE RECEIVER RANGE FOR TWO NONSYMMETRIC 
PROF I LES . 
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b.   light 11, statistical gradient (see Fig. 47d) 
Fig. 48. CONTINUED. 
REFRACTIVITY-N 
F i g .  49. STANaARD N-PROFILE. 
a .  P r o f i l e  14A1: f a d i n g  type-A 
F i g .  50. COMPUTER-DRAWN RAYPATHS FOR SATELLITE-TO-SATELLITE PROPAGATION THROUGH SPWERICALLY SYmTRIC 
HAWAII PROFILES. These f i w r e s  show t h e  lower  16  km of t h e  r a y p a t h s  as s i g n a l s  p r o p a g a t e  between two 
c o - o r b i t i n g  s a t e l l i t e s .  The t h r e e  p a r a b o l a s  r e p r e s e n t  ( r e a d i n g  u p )  t h e  s u r f a c e  of t h e  E a r t h  and t h e  
2 and 4 km l e v e l s .  The p a r a b o l i c  shape ,  r a t h e r  t h a n  t h e  cus tomary c i r c l e ,  is t h e  r e s u l t  of t h e  exag-  
g e r a t i o n  of t h e  v e r t i c a l  s c a l e .  
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F i g .  51 .  COMPUTER-DRAWN RAYPATHS FOR SATELLITE-TO-SATELLITE PROPAGATION THROUGH NONSYMMETRIC LINEAR 
GRADIENT PROFILES. The l o w e r  16 km of t h e  r a y p a t h s  g e n e r a t e d  b y  t r a n s m i t t i n g  b e t w e e n  t w o  c o - o r b i t -  
i n g  satel l ites t h r o u g h  t h e  nonsymmetr ic  p r o f i l e s  of F i g .  43.  
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I Fig. 52. COMPUTER-DRAWN RAYPATHS FOR SATELLITE-TO-SATELLITE PROPAGATION THROUGH NONSYMMETRIC STATISTICAL 
g PROFILES. The lower 16 km of the raypaths generated by transmitting between two co-orbiting satel- 
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C h a p t e r  V I I  
IMPLICATIONS OF THE HAWAII EXPERIMENT FOR 
AN OPERATIONAL OCCULTATION SYSTEM 
"BY a s m a l l  sample w e  may judge  of t h e  whole p i e c e . ' '  
--Miguel d e  Cervan tes  
The Hawaii microwave s i g n a l  was c h a r a c t e r i z e d  by p e r i o d s  of i n t e n s e  
f a d i n g  which, i n  an o p e r a t i o n a l  sys tem,  c o u l d  r e s u l t  i n  l o s s  of lock  and 
subsequent  l o s s  of d a t a .  The H a w a i i  test  r e s u l t s ,  however, were o b t a i n e d  
a t  a  r e l a t i v e l y  low a l t i t u d e  (3 km, a s  opposed t o  t h e  o p e r a t i o n a l  c l o s e s t  
approach  a l t i t u d e  of 6 t o  8 km) and o v e r  a  t r o p i c a l  ocean where wa te r -  
vapor  c o n t e n t  c o u l d  b e  g r e a t e r  t h a n  o v e r  v i r t u a l l y  any o t h e r  t e r r a i n .  
A .  Water-Vapor Adjustments  
To d e v e l o p  a  more r e a l i s t i c  p i c t u r e  of how an o p e r a t i o n a l  o c c u l t a -  
t i o n  s a t e l l i t e  sys tem would behave on a  worldwide b a s i s ,  a  sample of t h e  
Hawaii tes t  d a t a  w a s  a d j u s t e d  t o  s i m u l a t e  c o n d i t i o n s  t y p i c a l  of r e g i o n s  
w i t h  lower water-vapor  c o n t e n t  t h a n  t h a t  of t h e  Hawaii a tmosphere .  A l -  
though i n f o r m a t i o n  was n o t  a v a i l a b l e  from which t o  s t a t e  c a t e g o r i c a l l y  
t h a t  t h e  anomal ies  i n  t h e  measured N - p r o f i i e s  r e s p o n s i b l e  f o r  m u l t i p a t h  
were g e n e r a t e d  by water-vapor  inhomogeni t i e s ,  it i s  c e r t a i n l y  n o t  un- 
, . 
l i k e l y .  An a t t e m p t  was made, t h e r e f o r e ,  t o  c o r r e c t  f o r  t h e  e f f e c t  of 
w a t e r  v a p o r  by smoothing t h e  N - p r o f i l e  o v e r  f i v e  v e r t i c a l  p o i n t s  (equiv-  
a l e n t  t o  250 m).  The smoothed p r o f i l e  was t h e n  s u b t r a c t e d  from t h e  un- 
smoothed p r o f i l e ,  and t h e  r e s u l t i n g  high-frequency r e s i d u a l  was assumed 
t o  b e  caused by water-vapor  inhomogene i t i e s .  Of c o u r s e ,  w a t e r  vapor  
a l s o  c o n t r i b u t e s  a low-f requency component t o  t h e  N-prof i l e  b u t ,  f o r  
t h i s  s t u d y ,  on ly  r e l a t i v e  v a l u e s  were i m p o r t a n t .  
To s i m u l a t e  d i f f e r e n t  water-vapor  c o n d i t i o n s ,  t h e  high-frequency 
r e s i d u a l  w a s m u l t i p l i e d  by a  f a c t o r  and t h e n  added t o  t h e  smoothed pro- 
f i l e .  T h i s f a c t o r  w a s  determdned by a,ssuming t h a t  t h e  Hawaii d a t a  rep-  
r e s e n t e d  a t y p i c a l l y  "wet" a tmosphere  and t h e n  by t a k i n g  t h e  r a t i o  of 
t h e  water.  v a p o r  on , . a . t y p i c a l l y  "dry".. day and a "normal" day t o  t h a t  on 
a  " w e t "  d a y .  The v a l u e s  f o r  " w e t ,  " "dry, " a n d  "normal" water-vapor  con- 
c e n t r a t i o n s  were o b t a i n e d  from t h e  s t a n d a r d  c u r v e s  shown i n  F i g .  53. 
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Fig .  53. STANDARD WATER-VAPOR PROFILES. The two curves on t h e  l e f t  
a r e  t h e  same a s  those  i n  F i g .  10. 
Note t h a t  the  "dryu and "normal" curves correspond t o  t h e  p r o f i l e s  in  
F ig .  10 and were derived from t h e  same source .  I t  should be noted a l s o  
t h a t  t h e  curves were derived from d a t a  app l i cab le  only t o  t h e  middle- 
l a t i t u d e s  [lo], where water-vapor concent ra t ions  a r e  genera l ly  lower 
than over t r o p i c a l  seas ,  s o  t h e  assumption t h a t  t h e  Hawaii d a t a  repre-  
s e n t s  condi t ions  f o r  a  t y p i c a l  "wet" day is probably conservat ive .  
The d a t a  s e t s  chosen f o r  adjustment were t h e  same a s  those  used i n  
r ay t rac ing  s a t e l l i t e - t o - s a t e l l i t e  in  a  symmetric mode (see Chapter VI) .  
The f o u r  d a t a  s e t s  (one f o r  each fading  t y p e )  were adjus ted  a s  described 
above and used f o r  r ay t rac ing  in  t h e  s a t e l l i t e - t o - s a t e l l i t e  symmetric 
mode. A b r i e f  examination of t h e  r e s u l t s  (F igs .  54  and 55) and those 
f o r  t h e  o r i g i n a l  d a t a  (Fig. 50 )  i n d i c a t e s  t h a t ,  a s  t h e  high-frequency 
component of t h e  N-profile i s  decreased,  t h e  incidence of mul t ipa th  i s  
s l i g h t l y  reduced. Figure 56 p resen t s  t h e  smoothed and unsmoothed Pro- 
f i l e s  f o r  t h e  type-D example which is t h e  " n o i s i e s t "  of t h e  f o u r .  
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ADJUSTED HAWAII PROFILES. Lower 16 km of t h e  raypaths generated by transmit t ing  between two c o -  
ro o r b i t i n g  s a t e l l i t e s  through symmetric N-prof i les  t h a t  have been adjusted t o  s imulate  the  water-vapor 
condi t ions  f o r  a "normal" day .  
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Fig . 55 , COMPUTER-DRAWN RAYPATHS FOR SATELLITE-TO-SATELLITE PROPAGAT ION THROUGH SPHERICALLY SYMMETRIC I 
0 
cn ADJUSTED HAWAII PROFILXS. Lower 16 km of the raypaths generated by transmitting between two co- 
19 orbiting satellites through symmetric N-profiles that have been adjusted to simulate the water-vapor 
conditions for a "dry" day. 
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N-UNITS N-UNITS 
Fig .  56. SMOOTHED (5-point)  AND NORMAL N-PROFILE 1 1 A l .  
There is  reason t o  be concerned with whether t h i s  smoothing process 
a c t u a l l y  e l imina tes  t h e  e f f e c t  of water-vapor inhomogeneities in  the  N- 
prof i l e .  Too much smoothing could remove j u s t  t hose .  e f f  e c t s  t h a t  should 
be revealed by ad jus t ing  t h e  da ta ;  too  l i t t l e  smoothing could r e s u l t  i n  
unduly pess imis t i c  r e s u l t s . .  To a s s e s s  t h e  e f f i cacy  of t h i s  process, t h e  
smoothed N-profile of F ig .  56 was " inver ted"  by assuming a dry-atmosphere 
and a standard-atmosphere pressure  curve, r e s u l t i n g  i n  a temperature pro- 
f i l e  t h a t  would genera te  t h e  smoothed r e f r a c t i v i t y  p r o f i l e  i f  water-vapor 
. . . .  . 
content  were zero.  ., 
F i g u r e  57 i s  t h e  t empera ture  p r o f i l e  co r r e spond ing  t o  t h e  sbnooziled 
c u r v e  i n  F i g .  56.  I t  is clear t h a t  t h i s  e q u i v a l e n t  t empera ture  p r o f i l e  
is no t  realist ic and t h a t  a  f i v e - p o i n t  smoothing, a l t hough  obviously  re- 
moving most of t h e  e f f e c t s  of water-vapor inhomogeneity,  does  no t  remove 
them a l l .  The r e s u l t s  of t h i s  a n a l y s i s ,  t h e r e f  o r e ,  are r a t h e r  conserva-  
t i v e .  I f  t h e  c u r v e  were smoothed over  a  g r e a t e r  range s o  as t o  remove 
more of t h e  water-vapor c o n t r i b u t i o n ,  t h e  m u l t i p a t h  i nc idence  would de-  
c r e a s e  f u r t h e r .  
Th i s  po in t  becomes s i g n i f i c a n t  when t h e  nex t  l o g i c a l  s t e p  i s  t aken  
and t h e  behav ior  of t h e  system a t  3 km is compared t o  t h a t  a t  7 km. By 
f o l l o w i n g  t h e  " w e t "  cu rve  i n  F ig .  53  from t h e  3 km t o  t h e  7 km l eve l ,  and 
F i g .  57. EQUIVALENT TEMPERATURE PROFILE FOR SMOOTHED (5-po in t )  N- 
PROFILE 1 1 A l .  
by t a k i n g  t h e  r a t l o  of water-vapor  c o n c e n t r a t i o n  a t  7 km t o  t h a t  a t  3 
km, t h e  N-prof i le  d a t a  can be  a d j u s t e d ,  a s  d e s c r i b e d  above, t o  s i m u l a t e  
t h e  water-vapor  c o n c e n t r a t i o n  a t  ' t h e  h i g h e r  a l t i t u d e .  
, . , ,, 
, , 
When r a y t r a c i n g  s a t e l l i t e - t b - s a t e l l i t e  t h rough  t h i s  s imu la t ed  high-  
a l t i t u d e  p r b f i l e ,  t h e  i n c i d e n c e  of k l t i p a t h  is g r e a t l y  reduced; i n  f a c t ,  
i n  a l l  f o u r  of t h e  p r o f i l e s  t e s t e d ,  only  e i g h t  s a t e l l i t e  s e p a r a t i o n s  w i t h  
m u l t i p a t h  were recorded ,  a s  opposed t o  60 m u l t i p a t h  r eco rd ings  when t h e  
. . 
p r o f i l e s  were run a t  t h e  lower  a l t i t u d e  w i thou t  ad jus tment  f o r  Water- 
vapor  c o n t e n t .  These h igh - l eve i  m u l t i p a t h s  are caused by t h e  u n r e a l i s -  
t i c  temp,erature p r o f i l e  i n  F ig .  57, which r e s u l t e d  from t h e  i n s u f f i c i e n t  
f i ve -po in t  smoothing of t h e  N-p ro f i l e s .  I t  appea r s ,  t h e r e f o r e ,  t h a t  t h e  
r e s u l t s  of t h e  Hawaii exper iment  produced a somewhat p e s s i m i s t i c  P i c t u r e  
of p robab le  system performance.  
I t  shou ld  be noted t h a t  t h e r e  i s  a  p o s s i b i l i t y  t h a t  a sys tem o p e r a t -  
i n g  a t  t h e  h ighe r  c l o s e s t  approach a l t i t u d e  (6 t o  8 km, as d e s c r i b e d  i n  
Chapte r  111) might be a f f e c t e d  by s i g n a i s  b e i n g  d e f l e c t e d  upward f r o m ' i i  
Hawai i - l ike  atmosphere at  a  lower l e v e l  ( t h e  an t enna  beamwidth w i l l  be 
such  t h a t  t h e  lower l e v e l s  and t h e  s u r f a c e  of t h e  E a r t h  w i l l  be i l l u m i -  
n a t e d ) .  When t h e  r e s u l t s  of r a y t r a c i n g  th rough  t h e  ~ a w a i i  p r o f i l e s  a r e  
examined, however, i t  can be s een  t h a t  no s i g n a l  i s  d e f l e c t e d  t o  t h e  ex-  
t e n t  t h a t  it Would be d e t e c t e d  by a  r e c e i v e r  p laced  a t  t h e  o p e r a t i o n a l  
, 
s a t e l l i t e  s e p a r a t i o n  (assuming t h a t  t h e  g r e a t e s t  s e p a r a t i o n  is 7888.0km, 
a s  de sc r i bed  i n  Chapte r  111). Although t h e  p o s s i b ~ l i t y ' o f  i n t e r f e r e n c e  
from a  low-level m u l t i p a t h  does  e x i s t ,  none of t h e  s i m u l a t i o n s  i n d i c a t e s  
t h a t  t h e  p r o b a b i l i t y  is s i g n i f i c a n t  t h a t  t h i s  s i t u a t i o n  w i l l '  o ccu r  f  re- 
quen t l y  o r  pose any r e a l  problems f o r  t h e  o p e r a t i o n a l  system. Should a 
low-level  m u l t i p a t h  o c c a s i o n a l l y  i n t e r f e r e  w i t h  system o p e r a t i o n ,  t h e  
r a y t r a c i n g  r e s u l t s  i n d i c a t e  t h a t  t h e  ampl i tude  of t h e  unwanted s i g n a l  
' '  
would be  s i g n i f i c a n t l y  l e s s  than  t h a t  of t he .  " d i r e c t , "  o r  d e s i r e d  s i g n a l  
and, t h e r e f o r e ,  would have lit'tle o r  no e f f e c t  on system performande. . -  
. . 
B .  Other  High-Alt i tude E f f e c t s  
There a r e  .o ther  r e a s o n s ' t o  b e l i e v e  t h a t  t h e  resul. ts  of t h e  H a w a i i  
exper iment  g i v e  a'. somewhat~conservative.picture of t h e '  performance 
t o  be expec ted  from an o p e r a t i o n a l  s a t e l l i t e  system.  F i r s t ,  m u l t i p a t h  
i n  t h e  s a t e l l i t e - t o - s a t e l l i t e  mode w i l l  n o t  n e c e s s a r i l y  have t h e  s a n e  
e f f e c t  on t h e  s y s t e m  ( l o n g  a n d f r e q u e n t  d e e p  f a d e s )  a s  it had i n  t h e  
s t a t i o n - t o - s t a t i o n  mode. F i g u r e  5 8  p l o t s  t h e  e x c e s s  p a t h  l e n g t h  (phase  
d e f e c t )  as a  f u n c t i o n  of s a t e l l i t e  s e p a r a t i o n ;  i n  o t h e r  words, it p l o t s  
t h e  phase  d e f e c t  t h a t  would be  measured by a  r e c e i v i n g  sa te l l i t e  l o c a t e d  
a  g i v e n  g e o m e t r i c  d i s t a n c e  f rom t h e  t r a n s m i t t i n g  s a t e l l i t e .  
Once a g a i n ,  a s  i n  t h e  s t a t i o n - t o - s t a t i o n  mode, phase  d e f e c t  is a 
f u n c t i o n  of e n d p o i n t s  r a t h e r  t h a n  r a y p a t h .  Phase  d e f e c t s  of two s i g n a l s  
r e c e i v e d  a t  t h e  same s a t e l l i t e  p o s i t i o n  due  t o  m u l t i p a t h  a r e  l i k e l y  t o  
match t o  w i t h i n  20 o r  30 cm. ~ e c a u s e  s a t e l l i t e  phase -pa th  r e s u l t s  a r e  
r e q u i r e d  on ly  t o  approx imate ly  50 cm, two s u c h  s i g n a l s  w i l l  be  i n d i s t i n -  
g u i s h a b l e  f rom one a n o t h e r  ( t h e y  a r e  t h e  same w i t h i n  t h e  accuracy  r4-' 
q u i r e d  by t h e  exper iment ,  a s  d e s c r i b e d  i n  C h a p t e r  11). 
I f  two o r  t h r e e  of t h e s e  s i g n a l s  a r e  r e c e i v e d  a t  t h e  d a u g h t e r  satel- 
l i t e ,  t h e  d e e p  f a d i n g  a s s o c i a t e d  w i t h  t h e  s t a t i o n - t o - s t a t i o n  mode in?\.;ht 
o c c u r  a l s o  i n  t h e  s a t e l l i t e - t o - s a t e l l i t e  mode. I n s p e c t i o n  of t h e  s a t e l -  
l i t e - t o - s a t e l l i t e  r e s u l t s  r e v e a l s ,  h o w e v e r ,  t h a t  5 ,  7, o r  more s i g n a l s  ap-  
p e a r i n g  a t  t h e  r e c e i v e r  is n o t  uncommon; i n  f a c t ,  t h i s  s i t u a t i o n  e x i s t s  i n  
49 p e r c e n t  of t h e  r e s u l t i n g  m u l t i p a t h  c o n f i g u r a t i o n s .  Under t h i s  c o n d i t i o n ,  
t h e  s i g n a l s  add a s  random p h a s o r s  and,  r a t h e r  t h a n  r e s u l t i n g  i n  deep  f a d e s ,  
t h e  power r e c e i v e d  is i n c r e a s e d  by s e v e r a l  d e c i b e l s .  Because t h e  phase  
d e f e c t s  are w i t h i n  a  few t e n s  of c e n t i m e t e r s  of each  o t h e r ,  r e g a r d l e s s  of 
which s i g n a l  is locked ,  t h e  d e s i r e d  i n f o r m a t i o n  is o b t a i n e d .  T h i s  m u l t i -  
S i g n a l  m u l t i p a t h ,  i n  which more t h a n  t h r e e  s i g n a l s  w i t h  comparable power 
a p p e a r  a t  t h e  r e c e i v e r ,  i s  ex t remely  r a r e  i n  t h e  s t a t i o n - t o - s t a t i o n  iiiode. 
Second, t h e r e  is a t i m e  f a c t o r  t h a t  must be  t a k e n  i n t o  a c c o u n t .  The 
Hawaii r e c e i v e r  and t r a n s m i t t e r  were, of c o u r s e ,  s t a t i o n a r y .  They s a t  s t i l l  
w h i l e  t h e  w e a t h e r  blew g e n t l y  p a s t  them. The d u r a t i o n  of a deep f a d e  i n  
t h e  H a w a i i  d a t a  w a s  t y p i c a l l y  much less t h a n  30 sec, and t h e  maximum wind 
v e l o c i t y  w a s  on t h e  o r d e r  of 50 km/hr. If f a d i n g  i s  a s c r i b e d  t o  inhomoge- 
m i t i e s  t r a v e l i n g  i n t o  t h e  r a y p a t h  w i t h  t h e  Wind, ah e s t i m a t e  of t h e  d u r a -  
t i o n  of a d e e p  f a d e  i n  t h e  s a t e l l i t e - t o - s a t e l l i t e  c o n f i g u r a t i o n  cas Le made. 
The s a t e l l i t e s ,  i n  e f f e c t ,  move p a s t  t h e  w e a t h e r  w i t h  a v e l o c i t y  on t h e  
3 
o r d e r  of 25 X 10 km/hr; t h e r e f o r e ,  t h e  r a t i o  of " v e l o c i t i e s "  b e t u ~ . ~ n  t h e  
S t a t i o n - t o - s t a t i o n  and s a t e l l i t e - t o - s a t e l l i t e  modes i s  roughly 0.2262. 
CHASE 
a .  F l i g h t  14; l i n e a r  gradient  b. F l i g h t  11; l i n e a r  gradient  
rn Fig.  58. PHASE AS A FUNCTION OF SATELLITE SEPARATION FOR FOUR NONSYMhlETRIC PROFILES. The phase of t h e  
Lrl 
7 received s igna l  appears a s  it would be recorded by the  rece iv ing  s a t e l l i t e  a t  t h e  given separa t ionfrom 
-I t h e  transmitting s a t e l l i t e .  The v e r t i c a l  s c a l e  shows separa t ion  i n  k i lometers ,  with 7900 km a t  t o p  
F 
I and 8050 km a t  bottom. The s c a l e  is arranged t h i s  way because t h e  g r e a t e r  separa t ion  corresponds t o  
0 
GI t h e  lower c l o s e s t  approach a l t i t u d e  of t h e  ray .  The hor i zon ta l  s c a l e  shows phase, i n  meters,  with 
(D 200 m on the  l e f t  and 1600 m on t h e  r i g h t .  
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The f a d i n g  d u r a t i o n  cou ld  be dec r ea sed  by a similar f a c t o r ,  which would 
mean deep  f a d e s  w i t h  a  "du ra t i on"  of perhaps  0.06 s e c .  
Assuming t h a t  t h i s  rough c a l c u l a t i o n  i s  s i g n i f i c a n t ,  t h e  c r u c i a l  
q u e s t i o n  i s  t h e  number of 60 msec f a d e s  t h a t  can be expec t ed  p e r  second.  
The p r eva l ence  of mu l t i p l e - r ay  m u l t i p a t h  i n  t h e  s a t e l l i t e - t o - s a t e l l i t e  
r a y t r a c i n g  s u g g e s t s  t h a t  t h e s e  p e r i o d s  of deep  f a d e  are r a t h e r  uncommon 
and ,occur  f a r  less o f t e n  than  i n  t h e  case of t h e  s t a t i o n a r y  Hawaii re- 
c e i v e r  and t r a n s m i t t e r .  
1 A t h i r d  f a c t o r  i s  t h e  magnitude of t h e p h a s e ' d e f e c t  expe r i enced  by 
t h e  s a t e l l i t e  and 'ground sys tems .  A t y p i c a l  phase  d e f e c t  i n  t h e  s a t e l -  
l ite-to-satellite mode is on t h e  o r d e r  of 140 t o  240 m ( co r r e spond ing  
t o  approximately  8 and 6 km c l o s e s t  approach a l t i t u d e s ,  r e s p e c t i v e l y ) ,  
whereas t h e  phase d e f e c t  exper ienced  i n  t h e  s t a t i o n - t o - s t a t i o n  mode i s  
c l o s e r  t o  40 m; t h u s ,  t h e r e  is a  f a c t o r  of approximately  5 between t h e  
phase-defect  magnitudes of t h e  s a t e l l i t e  and ground sys tems .  
This  becomes s i g n i f i c a n t  when one r e a l i z e s  t h a t  t h e  s a t e l l i t e  s y s -  
t e m  i s  n o t  only sweeping th rough  t h e  weather  a t  a  m u c h g r e a t e r  speed 
than  i s  t h e  ground system but  a l s o  t h a t ,  as i t  sweeps, t h e  d i f f e r e n c e  
i n  phase  d e f e c t i s  l i k e l y  t o  be g r e a t e r  by a  f a c t o r  of app rox ima te ly .5 .  
Th is  e x t r a  f a c t o r  f u r t h e r  reduces  t h e  expected f a d e  d u r a t i o n  from = 6 0  
t o  = 12 msec. 
To t h e  e x t e n t  t h a t '  t h e  H a w a i i  r e s u l t s  can be e x t r a p o l a t e d  t o  t h e  
s a t e l l i t e - t o - s a t e l l i t e  c o n f i g u r a t i o n ,  t h e r e  appea r s  t o  be l i t t l e  r ea son  
t o  be p e s s i m i s t i c  a s  t o  t h e  p o t e n t i a l  dangers  of f a d i n g  caus'ed by m u l t i -  
p a t h  i n  an o p e r a t i o n a l  microwave o c c u l t a t i o n  s y s t e m .  
Chap te r  V I I I  
SUIIIW\RY A M ,  CONCLUSIONS 
"1t i s  b e t t e r  neve r  t o  beg in  a good work t han ,  having begun it, 
t o  s t o p . "  
--Bede 
Th i s  r e s e a r c h  has  i n v e s t i g a t e d  t h e  f e a s i b i l i t y  of u s i n g  a two-sat- 
e l l i te  o c c u l t a t i o n  system to  supplement t h e  i n f r a r e d  s e n s o r  sys tem (SIRS) 
by p r o y i d i n g  an a c c u r a t e  a l t i t u d e  r e f e r e n c e  t h a t  w i l l  s e r v e  t o  f i x ,  as a 
f u n c t i o n  of h e i g h t ,  t h e  t empera ture -pressure  p r o f i l e  of t h e  SIRS i n s t r u -  
ment. 
The f i n a l  s t a g e  of t h e  e r r o r  a n a l y s i s  used s imula ted  SIRS d a t a  t o  
de t e rmine  t h e  behav ior  of t h e  system over  a r e a l i s t i c  range of i n p u t s .  
Based on t h i s  analysis, t h e  microwave o c c u l t a t i o n  system w a s  found t o  
be c a p a b l e  of e s t a b l i s h i n g  a 300 mb p r e s s u r e  r e f e r e n c e  l e v e l  t o  w i t h i n  
approx imate ly  24 m. The e f f e c t s  of wa t e r  vapor  can  be c o r r e c t e d  by 
s u i t a b l e  c l i m a t o l o g i c a l  p r o f i l e s .  Th is  work has  shown t h a t  even t h e  
most s i m p l i s t i c  c l i m a t o l o g i c a l  approach r e s u l t s  i n  a d r ama t i c  improve- 
ment i n  accuracy ;  more s o p h i s t i c a t e d  methods promise  t o  be even more 
e f f e c t i v e .  
Improvements i n  t h e  accuracy of t h e  SIRS ins t rument  w i l l  y i e l d  i m -  
provements i n  t h e  performance of t h e  o c c u l t a t i o n  sys tem.  Most of t h e  
e r r o r  i n  t h e  o u t p u t  of t h e  system ( n e g l e c t i n g  t h e  component a t t r i b u t a b l e  
t o  w a t e r  vapo r )  was caused by e r r o r  i n  t h e  i n p u t  t empe ra tu r e  p r o f i l e .  
As t h e s e  i n p u t  e r r o r s  a r e  reduced, system performance w i l l  be s i g n i f i -  
c a n t l y  improved. Even w i th  t h e  p r e s e n t  SIRS in s t rumen ta t i on ,  however, 
t h e  microwave o c c u l t a t i o n  system produces  r e s u l t s  t h a t  a r e  a c c e p t a b l e  
t o ,  and bad ly  needed by, t h e  me t eo ro log i ca l  community. 
Ground tests of a microwave l i n k  similar t o  t h a t  which would be  
employed i n  a p r e s s u r e - r e f e r e n c e - l e v e l  system were d e s c r i b e d .  These 
tests, conducted i n  June 1970, c o n s i s t e d  of a con t i nuous  two-week mon- 
i t o r i n g  of t r a n s m i s s i o n  between two mountain t o p s  i n  Hawaii, w i t h  p e r i -  
od i c  f l i g h t s  of an ins t rumented  a i r c r a f t  a l o n g  t h e  r a d i o  p a t h  t o  measure 
t h e  r e f r a c t i v i t y  p r o f i l e  of t h e  atmosphere.  
PRECEDING PACE BLANK NOT FILMED 
The microwave s i g n a l  was c h a r a c t e r i z e d  by p e r i o d s  of i n t e n s e  f a d i n g  . 
Using t h e  r e f r a c t i v i t y  p r o f i l e s  measured by t h e  a i r c r a f t ,  an e x t e n s i v e  
computer a n a l y s i s  was performed t o  de te rmine  t h e  p robab le  c ause  of t h e  
observed f a d e s .  R e s u l t s  i n d i c a t e d  t h a t  m u l t i p a t h  i n t e r f e r e n c e ,  o r i g i n a t -  
i n g  from anomalies  i n  t h e  N-p ro f i l e s ,  was p r i m a r i l y  r e s p o n s i b l e  f o r ,  t h e  
f a d i n g .  
Mu l t i pa th  i s  a l ow-a l t i t ude  phenomenon a s s o c i a t e d w i t h  water-vapor  
inhomogene i t i es .  E x t r a p o l a t i n g  t h e  r e s u l t s  of t h e  Hawaii exper iment  
(performed a t  an a l t i t u d e ' o f  = 3 km) t o  t he '  h i g h e r  a l t i t u d e  of an lope ra -  
t i o n a l  o c c u l t a t i o n  system (=7km) ,  i n d i c a t e d  t h a t  m u l t i p a t h  w a s  g r e a t l y  
reduced .  I t  was concluded, t h e r e f o r e ,  t h a t  t h e  f a d i n g  observed on t h e  
H a w a i i  l i n k  w i l l  have l i t t l e  o r  no e f f e c t  on an  o p e r a t i o n a l  o c c u l t a t i o n  
system.  
A microwave o c c u l t a t i o n  system appea r s  t o  be a  f e a s i b l e  and u s e f u l  
t e chn ique  f o r  a c q u i r i n g  a n  impor tan t  p i e c e  of d a t a .  F u r t h e r  work i n  
t h i s  a r e a  should  be d i r e c t e d  toward t h e  o p e r a t i o n a l  a s p e c t s  of t h i s  
sys tem.  Fo r  example, a l t hough  t h i s  s t u d y  ha s  demonstra ted t h a t  water- 
vapor  e f f e c t s  can  be  c o r r e c t e d  by t h e  s i m p l e s t  of c l i m a t i c  methods, i t  
would be of v a l u e  t o  have a more a c c u r a t e  e s t i m a t e  of water vapor  a l ong  
t h e  r a y p a t h .  S e v e r a l  t echn iques  have been proposed,  such a s  p a s s i v e  
microwave sounders  or a t t e n u a t i o n  measurements of t h e  s i g n a l .  Tank 1121 
ha s  sugges t ed  a  dual- f requency o c c u l t a t i o n  system t h a t  would de te rmine  
water-vapor  d e n s i t y  by matching a t t e n u a t i o n  o f - t h e  two s i g n a l s  t o  t h e  
wate r -vapor  a b s o r p t i o n  l i n e  a t  22.3 GHz.  
Another  area d e s e r v i n g  f u r t h e r  work is t h e  i n v e r s i o n  program t h a t  
s h i f t s  t h e  t empera ture -pressure  p r o f i l e  t o  t h e  p rope r  a l t i t u d e .  The 
t e chn ique  used i n  t h i s  s t udy  w a s  a s imp le  c u r v e - f i t t i n g  r o u t i n e .  The 
program can  be  speeded up  somewhat by t a k i n g  i n t o  account  t h e  c l i m a t o l -  
ogy of t h e  geographic  a r e a  be ing  sampled. Empi r i c a l  o r thogona l  func-  
t i o n s  may be  of some u s e .  
Al though t h e  Hawaii s tudy  was in tended  t o  p rov ide  u s e f u l  informa- 
t i o n  f o r  t h e  o c c u l t a t i o n  system des ign ,  it ha s  genera ted  some s c i e n t i f i c  
r e s u l t s  of i t s  own. Fo r  example, it would be i n t e r e s t i n g  t o  i n v e s t i g a t e  
how t h e  p e r i o d s  of deep  f a d e  c o r r e l a t e  w i t h  l a r g e - s c a l e  wea ther  systems 
t h a t  were i n  t h e  a r e a  a t  t h e  t i m e .  1t has  been demonstra ted t h a t  f a d i n g  
i s  probably t h e  r e s u i t  of m u l t i p a t h ;  however, no  a t t emp t  was made t o  
d e f i n e  t h e  a c t u a l  mechanism t h a t  produces  t h e  p a r t i c u l a r  N-prof i l es  
r e s p o n s i b l e  f o r  t h e  m u l t i p a t h .  Presumably, water-vapor  inhomogenei- 
t i es  are t h e  cause ,  bu t  t h i s  s t udy  ha s  n o t  a t t empted  t o  c o r r e l a t e  
Such f a c t o r s  as atmospher ic  c o n d i t i o n s ,  wind, and sea s t a t e ,  i n  o r d e r  
t o  d e s c r i b e  t h e  p h y s i c a l  phenomena t h a t  may be  a s s o c i a t e d  w i t h  t h e  
inhomogene i t i es .  
I t  should  be p o i n t e d , o u t  t h a t  t h e  r e c e n t  s t u d i e s  by , P i r r a g l i a  and 
Gross [I31 of e r r o r s  i n h e r e n t  i n  t h e  o c c u l t a t i o n  t e chn ique  seem n o t  t o  
I 
apply  t o  o u r  proposed system. As t hey  state i n  t h e i r  conc lu s ion ,  t w o  
. ,. 
o r b i t i n g  sa te l l i tes  i n  a common p l ane  w i l l  n o t  be  a f f e c t e d  by t h e  er- 
r o r s  d e s c r i b e d  i n  t h e i r  pape r .  Th is  i s  noted h e r e  t o  avo id  p o s s i b l e  
confusion on t h e  p a r t  of r e a d e r s  f a m i l i a r  wi th  t h e i r  work. 
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7 7  REbU 1 5 . 1 1 7 r E N n = 9 9 9 )  S T N 9  
W U l T t  l b . 1 1 1 l  S T Y 0  
READ l 5 , l 1 7 l  L 4 T , L O N G t W l N & L T r S T N A M E  
I I R I T F  1 6 , 1 1 7 )  L P T , L O I J G ~ M I N A L t ~ S T N A * E  
PHI=lL4TI2llh0.n+LSTlll1*PIIl9O 
C I R E  I S  THE R A D I U S  n F  THF E A R T H  AT T H E  G I V E N  L A T l  
~E=4H*lI.P-lF-~.LI2*F*~I*5lt1IP~Il~SIN1PHlll 
h P I T F  I b , l I R I  P H 1 , Q F  
N4X  = M I X  
C I D H  I S  THE ASOUYT OF V E Q T l C A L  S H I F T  I N  K H I  
9H=  1 
Z 3 0 0 = n  
REAO 1 5 . L S 2 1  l r l l l l l = l ~ L O O l  
W R I T E  l b r l ? Z I  ( T I  I l . l = l . l u O l  
A F A n  1 5 . 1 0 2 1  1 1 0 1 1 1 , 1 = 1 . 1 0 0 1  
WRIT&  l b . 1 0 2 1  , l T 1 ) 1 1 ~ r 1 ~ 1 ~ 1 0 0 1  
C I l T O P  I S  T'IE N U M I F L  O F  D A T A  SETS R E A D 1  
I T O P = I l O P * l  
sin I=I.OO 
4 c r ~  T R ( I I = T I I I - T D I I I  
URIT: 1 b . 1 0 2 1  ~ r f i t ~ ~ , ~ = ~ , ~ o o ~  
C I M P *  I S  THC NUYBER OF WATER V I P O R  D A T A  POINTS .  J w x i  UR 2 .  ZORRESPDYDING 10) 
C LOW 01 H I G Y  STANRADQ WATFR VdPOR PROF1LE. I  
P E A 0  1 5 ~ 1 2 2 1  llPW.JU 
Y P l T E  I b . 1 7 2 1  Y Y I I l J W  
a E A n  15.12) )  I IPWIII .FPW(II.~=~,YPUI 




C "REFFRFNC?  ATYO5PHEQE" P O R T I O N  OF PROGRAM 
C 
C l N T E C P O L A T €  NPU WATEq VAPOR V A L U E S  AT 109 I N P U T  P S t b i U l t S  
C 
DO 80 I = l r N P W  
9J A P W I I I = I P Y I I I  
P W P I N = b P d l Y P Y I  
D O  8 1  I =I .M4X 
I P w M A X = l  
I P W Y - I P U M A X - I  
I F  I P I l I . L T . P U M I N t  GO TO 8 2  
C A L L  A T 5 6  I ~ I ~ I ~ ~ P U I E P Y ~ H I Y P U ~ ~ ~ L ~ ~ X ~ ~ N P U ~  
C A L L  A L I  I P I I l ~ Z l ~ X l r P W l I I ~ N P W w W 3 1 ~ I E R l  
I F  ( I F u . G E . 2 1  W P l T E  1b . l ' Jh I  1ER.1 
9 1  C l l N T I N U F  
82 C O V T I N U E .  
C 
C C P L C l J l L T F  E F F C O C T I V I T V  AN3 ALTITIJOE P k 1 l F I L E S  FOK " s ~ F k ~ i h ( ~ t  ATMJSPHERED 
C 
I l l l = c  
P L 1 = C L ~ G I P I 1 l I  
T S l = l Q l l l  ? 
. . 
' 1.43. h N 1  l l = 7 7 . 5 * 1 P l I l - P U l  1 1  I / T S 1 + 3 . 1 5 E 5 / T S 1 * P W l 1 , ~ / 1 5 ~  
144.  UP.1TC l b , l ? ~ l  l U ~ L l l l ~ ~ ~ N l l l  
145. no I i = ? . u a x  
l*t. P L 2 = b L l G I P l I I I  
1 L 7 .  T S Z = T U I I I  
148 .  L l 1 1 = Z l  I - 1 I + l T S 1 + T S 7 1 / 2 * 1 P L 1 - P L Z I / ( I  
1 L O .  puw=7. r  
. . 1 5'1. C  I w b T F P  vCP!l1=3 4 M v 5  23  K r ,  ~ A ~ C I I L A T C D  PCCC'ROIiUj IJ r X P l l N t Y T 1 4 L  
I:,).. C  S F T u E t h ,  L ~ h X l M l l u  I l F I S t I T  OF DATA bNO 24 KU.1 
liE?, I F  1 I . F Q . l P K U I  Z P U = 7 l I I  
1'53. IF 1 ~ 1 1  I.LT.Z;~.LAN~. I.GE.IPM~&ZI: P*I I I ~ P K I  I P w M I * t X P l - . > 4 7 b ~ l Z ( I I -  
I S * .  * ? P u l l  : 
155. I F  I Z ( l I . L T . 2 0 . O t  P Y U = P H I I l  
155.  YN1 1 1 = 7 7 . 5 + I P . l l  l - D L L I  I T S z t 3 . 7 5 F 5 / , 1 ~ 2 * P ~ d / T S 2  
157 .  U D I T i  . l h . l l n I :  l ~ L I l l . N * I l I I  
l = R .  PL I .PL?  
150 .  1  T S l = T S Z  
16'3. C  
I f  1. c I ! I T F P P ~ L ~ T F  V P L ~ I F S  RF T L M P ~ R A T U R ~  ITLI. A L T I T U D ~  1 h I 1  vllU m A T L R V b P O R  
l h 2 .  ( PHFSSU" I P L W I  FdA  Q S T A N D A Q D  PPIESSUCFS I P L )  
, . . . . . . . , . . , . 
C A L L  ATSG ~ P L ~ ~ I ~ P ~ T R ~ U ~ H A X ~ I ~ Z ~ L X ~ L N A X ~  
C A L L  ~ ~ I I ~ L ~ I I ~ L ~ ~ X I ~ T L ~ ~ I ~ M ~ X X X J ~ I I C R I  
C A L L  ATSC l n L l l l , P .  ? , W , M ~ K I ~ ~ ? I , X I ~ M A X I  
C A L L  ~ L I ~ D L ~ I I ~ ~ I ~ X I ~ A I I I ~ U & X X X O ~ ~ I E ~ I  
C L I  I 1 I P l  I I I . P . P Y . u . M P . X . I . I ~ . X ~ . U A X ~  
C  
r i l r T F 9 P P L I T t  ? 4 T A  I I C C I I A C T I V I T I  P U P F I L E  AT 1 KM I h T c h ~ a L s ,  AYI)  PEPLACE 
L STAlJbA. 7 4 T Y l S P U E O t  i ( E F Q A C T I V I T V  VALOES h l T l l  I r ( r * c  VALJcS  
(. 
on 5 ,  I=I,IF 
I I = I * ? X - 5 i l  
3 5  * . l 2 1 1 1 = U I I I I  
C A L L  t i l ,  l V 2 . Y 7 . 1 " l r * l  
I F  ( I F F . U t . 3 1  611 T'i 31'4 
r n  3 1  I = I , I ~  
I l r  l "1X-5 .1  
c -,MEAS~RE,) ATYOSPHFQF"  P O R T I O N  n F  PRQGRAM 
t 
c s F T  ~ Y W = P P P U ~ O K I A T E  S T A N ~ A Q D  u A T t K  VAPOR P R O F I L E  
r 
C 
C  C ~ L C I J L A T ~  H E F c A C T L V I T V  AriO 4 L T I T u J C  P R O F I L E S  F I H  " Y c r 5 U K E u  A T Y U S P H t a E '  
P W l l J = ' J . L '  
I F  I l l l l . G F . 2 6 . ~ 1  G V n  8 6  
C A L L  b T S G  I ~ I ~ I ~ Z ~ . F I U ~ W ~ Z ~ ~ ~ ~ Z ~ ~ X L L Z ~ I  
C P L L  A L I  ( Z ( I I ~ ? 1 ~ X 1 ~ " W ~ l l ~ 2 5 ~ 5 1 1 1 1 E U 1  
I F  I I F F . S S . 2 I  U R I T E  1 6 . 1 0 4 1  l F q , I  
I F  I I F P . E O . 3 )  U U I T F  1 6 . 1 1 b l  ZZ 
I F  I IER .FO. l I  Y R I T F  1 6 . 1 1 5 1  2 1  
C 
C I r * I F P P ' J L A T E  V 4 I U E S  PF TCVPCRATUPE I T L I .  P L l l T U U E  1 8 1 ,  &NO M A I E R  VAPOR 
c P P F S S ~ J Q F  I D L Y I  F I ~ R  a STANDARI P R F S S U ~ F S  IPLI  
C A L L  ATSG I D L I I I . P I  T ~ W I H ~ X I ~ ~ I ~ ~ X I . M I X I  
C A L L  A L I ~ P L I I I ~ Z ~ ~ X I ~ T L ~ I I I Y ~ X X ~ O I I I E ~ ~ ~  
C A L L  ATSG I P L I I 1 . P .  Z , U . Y I X . 1 ~ 2 1 ~ X L . M A X I  
C A L L  AL.1 ( P L I  I I . Z l . x I r B I  I I .YbX, .01. IE l l )  
C A L L  ATSG I P L I I  l ~ P ~ P U ~ h ~ H A X ~ I ~ Z 1 ~ ~ 1 ~ M d X l  
c n L L  ALI I P L ~ I I . ~ ~ . X I , P L Y ~ I I , ~ ~ X X . ~ I L ~ E ~ I  
9 8  CUUTINLI '  
C I Z Z 3 C l n  I S  A L T l T l l O E  P F  THE 309 MR L E V E L 1  
Z 1 3 d m = P l 3 I  
no 16 I=I.LEVEL~ 
1 6  URITC  ~ b . ~ o n i  I ,PLIII.~(I).~LIII ,PWI 
C 
C A L L  AT11 ILn  
. C A L L  YAYTRP I5S .FQS+H.P011  
C  I P H A S F  D F F E t T - P o l l  
C 
C  S H I F T  P R O F I L E  UO 1 N *  I D d - 1 )  
c 
C HERGF Y E F R A C T I V I T V  P R U f l L E  U I T H  STANDARD A T M O S P H t & t  N E F Y L C T I V I T V  
c PLUFILE. n N n  R A V T R ~ C F  
C  
DO 83  I = l , Y L X  
5 3  z I I I = z ( r l t n n  
Z L ~ ~ ~ . = Z Z ~ C O + ~ H  
C A L L  P T B I L ~  
C A L L  R A I T R A  ( S S r F R S t H r P O Z I  
n o ~ , > l  ;Dn>-on> . . . , - . .. - . . 
Y R I T ~  1 6 . 2 n z 1  npucz 
D P H I = S F - P O 7  
I I F  E M 9 0 1  I W P H P S F  DEFECT I S  S I J F F I C I E N T C V  
I F  ( A R S l l ? P H I l . L E . E P P H l  GO TO 91 
C C A L C I I L A T F  NEW OH. S H I F T  D ~ ~ O F I L E I  MERGE U l r M  STPNJUdO 4 I W S P H E R E  
C P P O F I L E .  AND RAYTRACE 
C 
r t L L  ~ T S I L D  
( A L L  Q C V T R ~  ISS,FLS..~,POZI 
1 5  P P n l = S n - O D Z  
C I I F  E k b r l f  I N  PH4CF DEFECT I S  5 U F F l C I E . N T L Y  S M I L L ?  Lc&>E' I T t ? A T I O N I  
I F I A ~ ~ I ~ ~ U I ~ . L ~ . F ~ P H ,  GU 10 51 
C 
31'1. & ' ~ s = z 1 3 1 . n  
"1Y. 7 7  E O & T I Y U F  
??'!. . . U L I T F  1 6 1 1 1 3 )  S l N U  
321.  . , WEIT! I h r  1 1 9 1  S T X B M F ~ L A T r l n V G , , R E  
C 372. 
323. C P U l h T  ALT IT1 lDC  F Y 9 0 9 S  F EACH OF 9 PKESSURES . , 
3 7 * .  , C 
725.  C A L L  5 T G " r i 6 , 9 . ~ ~  l A N S , l f l P t L F V F L S I  
92b. H C l T i  I C r l l l I  
?77. GI> TI1 ?7 ' ,  , . 
52R. 9 3 9  C O N T I V U F  
329. C 
33:. C C A L C I I L A T ?  4 h n  P P I l r T  S T 4 T I S l I C S  F'LR E N I l R c  RUN. ".,dUYT" I S  4'4 EXTRY 
3 3 1 .  C 18, '(SIGCN." 
337.  . C 
333. 5:=7*:5 
336. ~ c l T ~  1 6 . 1 7 0 l  I T C P . S S  
CALL  CCUNT I I T I P v L F V F L S I  3 3 5 .  . ' 
3 3 c .  5 T P P  
7?7 .  3  * P I T €  l b , 1 3 7 1  1 F L . I  
I.??,. S l I 1 P  
3 u r  h E I T F  1 6 r l l q ' l  I F F  33q .  
>c:,. ' . SICIP - 
' . 341. l ? U  F I P 3 L T  I I C . 5 F f l . l I  
342. , 1 7 1  FCKYAT  I 'F9 .31 
3 6 5 .  1 > Z  F' IQHfiT I I " C a ; 1 I  
344 .  1 ~ 3  F n a r b r  I*;13.?1, MR. PPIFSSURE L E V E L :  CALC. V A L U t  = * .F8 .3 r0  KW. TRUE 
,,34=. * VALIJF = ' r F S . 3 r '  K .  I I I F F E W N C E  = ' rF12 .3 . '  I IL1ERS.L 
, 365 .  . l ' l b  FClPUAT 1.1 E9FnD 1 Y  AL1,FW. IFR= ' . 14 . '  l = ' . I * l  
347. I:lr F g R X L T  1 '  FVROY IL1 A L l r T 4 0 0 .  I E R = ' r 1 4 . '  l = ' , l 4 l  
, .  : I & ? .  I-t c n o v , t ~  I FHPPQ 1.4 ALIIPW. IE9= ' . 14 .1  1 . * . 1 *~  
369. 1 ~ ~ 7  F O P * A T  I F P R ~  1'11 ALI,~'. I F Q = * . 1 4 . '  1 = ' , 1 4 1  
I c P  FnG.rtbT ( '  ,.ZFS..3l 35". 
3151. i l r j  , F 3 F N A T  I '  F Q R n P  It, 5E17 .N.  I F Q = ~ . 1 4 1  
3 5 2 .  l l c i  F O E d T  l q F 9 . 3 1  
2 5 3 .  1 1 1  . FDf iM4T 1 ' 1 ' 1  
. . 354. I Fm.!~ub l  1 4 l 5 X , . F i ? . 6 l . I  
365. 1 1 3  F C I ~ U A T  I I o A q I  
' . 155. 1 1 4  F W N n T  I 0 F 1 D . b )  
I 1 6  . F l W M d l  I ' *,OFR.Pl 357.  
353. l i 7  F l lCMbT  1 2 1 2 ~ 1 3 r l X l . l 5 ~ 7 A P ~ 4 5 1  , . 
? S J .  LIP FIIEYLT ( 1  L A T r * . F 1 0 . 6 ; *  Q A n l a Y S  UE=* ,F lu .4 . '  KM..I 
36.'. I l i F n I U 4 T  I * L 4 , 7 h Q . A f 3 / / 2 X . 2 I 3 ~ ~  Y ' .213. '  W k A D l U >  UF  E ~ T H ~ .  
3C1. * '  L T ~ T t i I S  LA ,T IT I I~C .  ,FIO.S,* ~ f l .  m l  
3t.2. 1 2 c  , F"r*T ( ' I S T A T f S T I C S  F O R ' r 1 4 . '  S T A T I O N S ' * / *  S 4 I c L L I T c  b$PAKb lT ION*  
3%3.  * ,F I " . r , '  N u . * )  
3hL .  1 2 1  FL.CYCT l 15 ,F I ! 7 .61  . . 
. . 
. . --. . 
39'4. C L L L  A 1 5 6  I I ~ ~ ~ Y L I U I Y ~ X ~ ~ ~ ~ ~ ~ X I ~ J ~ ~ X I  
3C5. C P L L  A L I  IX,II.KI.NIII.JMAX.I.~-~,IFRI 
3 0 6 .  I ~ l l t i . t i ~ . Z I  w P I T F  I O r l l i ? l  1 E Y . I  
3$7. I F  t I F @ . F F . ? I  * Q I T c  1 6 , 1 3 2 1  1 1  
349. C  Y Q I T F  l b l l ? 9 1  I ~ X . N I I I  
399 .  3 <@FIT I V U E  
. 
C  T H I S  5 0 ~ 0 3 1 1 * 1 F  I S  T P L L ' l l  B V  R b V l Q a .  I T  1 1 4 r E i P ' l ~ a I t b  I X  T H L  U E F R A C T l V l T Y  
C L I - b V  d l  P G I V L + l  V t L U t  flF E I D I S r A W E  F V I Y  THc L t , v T t ,  JF T d r  E A R T H # .  
c 
N = " I * I . i i O - h  r 1.<9- 
QFT ' lC ' I  
I F ' l S * A T  I ' SA L t < S  T H A U  F F .  R A = ' , F 1 5 . 7 1  
F h l r  
C 
C 
~ * z r ~ r t ~ n ~ * ~ t t n ~ a r r ~ ~ t l * ~ t t * * ~ * ~ d d ~ t t t 1 t f ~ ~ * * ~ v * ~ ~ c ~ * $ . ~ * + * * * * ~ 8 * * * ~ * * s ~ * * * * * * *  
C 
c T I l l S  1 5  3 I ' Q W P T ' S  D h I * r C l P L F  Q A V T l i A C I N G  Y U U T I V L  m n l T 1 t r  dY id?. JUSE 
C P C u O L A I - : , I d ? . '  ACL I S  H A L F  T M t  S A T E L L l T f  S T P A ~ A T I V N I  11% k'!i P C C  I S  
C TI<: r:'.,i 1 V  ( P T ' L I  I T F  S F P 4 * A T l ' J I d :  H I S  Y S T L l l T l ' l u  Y w L J e  F l k  THF 
c C 1 ~ 7 s F s l  i i P D i r t l n C c (  a l l l l l l i ~ c  7 F  T r e  P A Y :  PHOFT I S  I H t  R C S J L T I V G  P H A S E  
C l l i C i C T .  ' T H C  .PklGLb'* O C L l h l S  AT H E I G H T  H r  ? A V f H Y L L >  13 S A T E L L I T E  ' ,  
C L L T I l t I . J C ,  4'1'1 1HC.I  4 n J I I S T S  H  SJ T H 4 T  T H F  ~ E S I I L T i N l  5 Y l T t L L l l E  H P L F -  
c F P ~ C I V C  ~ O U ~ I S ~ C L  r n  d l r r l u  K C .  a 
D N l l C = V I V : I - N I Y I  I 
DNDF;':.. '' /?. 5 
9HP=WI  I I I I q Y O S  
R N = N I P I I ~ E I  
E H U s 4 8 S I U U ~ I  
RR=RUO-Q1 
G4M=FR*@SI%I~I-OFLTHl/EHO 
G A Y = D A P S l t i l G A M l  
H 6 T r l ~ F L T U - S b n  
D F L ~ = R H ~ * ~ S I N ~ ~ F T I / L I S I N I P I - D E L T H I - R I  
I r L t = 9 H O f A F T  
Y = Q ~ ~ T L Q / ~ . ~  
R h = r I  
Y P = v l Q l  
Cn T n  5 1  
" C n N T l ' l l l t  
NPINI P I 
D F L P = R * D S D R T I I R * N P / R N l * * 2 - I . r j D @ l * D E L T H  
2 1  Q k i E  
J . J t 1  
R = k + D E L Q / Z  
N P - N I R I  
@ E L U = A * O 5 ~ ~ T I i ~ * * l P / R N l * * 2 - I . o O I *  U t L T H  
O F L S = R * R * N P * D F L l H / L Y  
5 1  C O K T I N U F  
i t i = T n r o E L T n  
I F  I I I I . G T . P I  GO Tn 69 
D t L S k s l t d P - l . C O O l * D E L S  
UELC=Of L S - ~ ~ S O R T ~ O ~ L S * D E L S - O E L R * D F L R I * U C D S ~ T H ~ + U L L ~ * J S ~ N ~ T ~ ~ ~  
u=D-o '  
KR=O 
SFP= IOO. r )  
SEN=-1W.C 
C O N T I N U E  
. . . . 
2 h  E P = S T U  
2 4  CONT,TtIUE 
€ = F P  
E P S i T H - T H P  
I F  lY8 .FO.31  E P l i i P S  
X = P H S I c P S I  
ST I = F P  
STI I I .STU 
K6=WR+ l  
I F  1 1 1 1 . 5 T . ~ I  G" 1P 5 8  
D h r F T = 7 U c , J . ' J = I C t S N l  
- ' O b ? = 2 . ' i a n A T I  
i Q l T l l 6 . ~ 5 l  PHDFT.OA7 
u a l ~ r r c , 3 9 1  T r u r H o . t l ~ r S C P . S E Y I E P S  
K l ' , . * l 3 t l  
!rP C P N T I N U F  
I c  1X.LF.ACO G l i  TO 2 2  
F P C T ? = A R S I F P < I  
F L C T 3 - P P S I F P I I  
I F  l F d t T 7 . i F . F d C T 7 1  F I C T I = F ~ C T l * O . ? S  
H r Y I - u t  
I c  l cPS.GT.c* l  to TO h7  
I= I S ~ * I . L T . F P T I  n*i=r 
I F  1 5 C " I L T . C P S l  SEN-CPS 
GO 1 0  6 2  
h 7  I F  ISEP.GT.FPS1 HP=H 
I F  1SCP.CT.tDS) SEP=EDS 
b 7  C f l N T I W J E  
I F  l l S F P ~ L l ~ 1 0 ~ . ~ ? l ~ 4 ~ D . I S F N N G T ~ - 1 U ~ ~ O I l  GO I U  0, 
R 3 = c I  
f i I = P I - F b C T L b F O S f S l I l  
K1K.1 
GO T" 6 1  
Q J  F 4 C = 1 H P - H Y I 1 1 S F P - S E Y I  
K * K t l  
F 3 z Q 1  
X P = h 9 S I S F P l  
X N = d B S l S E N I  
1FIXP.LT.XNI  R I = F F t H P - S ' P * F A C * F P C l l  
I T  I L X I  QI=RFt,HLi-SEN*FdC*FACTl  
h i  c n u  IMJF 
H-RI-WE 
K K O = K K O l l  
IF I K K C . . G T . ~ ~ I '  CI=-IJ.WDO 
P H O l i P H O F T  
F P I * F P S  
Pn= 21 , , ~ . o *sv  
P H D F T = O F L L + Q D  
I F  I=PS .NF .FD I )  FYl=lPHOFT-PHnLIlliPS-tP1) 
IF (III.C~.PI.A~I~.IEPS.YE.EPIII E ~ = E R I  
I F  IIII.CO.II.~N~.lFPS.NF~FP1lI E U 2 = l C 4 T 1 - C l ~ l / l t P S - c P l l  
O A l  l i D A T 1 - E P S I C P I  
A T T p 4 2 = D 9 T I  
k P I T t l b r 3 7 l  A T T Y v l T T N Z  
PHOFT-PHDFT-EPS'CR 
c i l = A U f l ~ Q l I  
W C L T ' l b r 3 6 1  C l l , i P ?  
Y F I r i I b , I I I  Q F . T ~ , A ~ c L , ~ ~ L L . R O , P H ~ F ~ , H , H J , ~ C L M , ~ . ~ I I , ~ , ~ I Z ~  
RETURN 
1 1  FORMAT1  'OR1\17 A L T I T U D E = ' I F ~ I . ~ ~ '  KM. ' t LOX . 'C tY rR&L  A Y G L E = ' r F I Z  
1.5,' DFG.'.IOX.'ST. L I N E  PATH- * rF12 .5 . '  MU.'./' ~ E h D l h G - * , F 9 . 3 ~ '  
2 M . ' . 1 9 X r ' d E T A R D A T I O N = ~ . F ? . 3 r '  M . ' , L 7 X r ' P H 4 S i  U ~ k t : T = * . F 9 . 3 . *  M.!,/ 
3' PCTI IAL  RAY H E I G H T - '  ~ F 8 . 3 , '  UM.' . 1 3 K 1 ' A P P A i l t l l T  HAV HElGHT=' lFR.3. 
4 '  Kq.', 9 K a ' I l F L T A  H*',F9.3,' KM.*,/' B E N D I N G  4NGLE=grF1L.B, '  DEG.' 
5 . 9X . 'S IGNPL  ATTFNUATION=*.F8.4. '  DB.'. lOx.lSUkFALE D IS lAYCE= ' .F9 .3  
3 9  F O P M A T I *  '.6FIE.71 
4 1  F O R M A T I '  ' . 4 F I 1 . 7 I  
END 
C 
C T H I S  SURPOUTINE  CPCCULATES AND P R I N T S  THE AVERPGt ,  S I 4 N U A R U  D E V I A T I O N t  
C R q S r  Y I Y I M I I M  AND MAXIYUY VALUES O F  A L T I T U D E  ERIlUR &T T H t  9 PRESSURE 
C LLVFLS .  ACTIIAL C A L C U L A T I O N S  L R t  PERFORMED B Y  SUL IRuUT IYc  TALLY.  
C 
REAL  Al91rC1120~91~D19I~BI9ltRYSI9I 
D l M E N S l I l Y  4 V E R 1 9 1 ~ S 0 1 9 1 ~ V M I N 1 9 1 t V M A X 1 9 1 t R 1 9 9 1 1  
D 4 T A  C l l C I O * n . 0 1  
n l F - A N S -  0 1 3 1  
QO I J - I r L E V F L S  
C(NU*.JI-(BIJIrnlF-AlJll*l.E3 
R I J I I I = C I N U M . J )  
1 C O V T I U U E  
WRITE  1 6 . 1 0 7 1  
00 3 J -1 .LEVFLS  
W R I T E  1 b . l O b I  1 (J I .  R l J ~ l l  
3 C O N T I N U F  
C ~ L L  T A L L Y  l R 1 A V E R , S D . R M S ~ V M I N ~ V M A X x L E V E L S . I )  
WRITE  l b 1 1 0 9 1  L F V E L S  
WRITE  1 6 . L O l l  A V E R ( I I  
W R l T F  ( 6 . 1 9 2 1  S O l l l  
W R I T E  1 6 ~ 1 0 5 l  R u S I l I  

0.10 
1013.230'>2.2 811.6 71n.5 6 2 8 0 0  5 5 3 ~ 6  68606  s2b,4 37206 324.0 
ZP'j.4 242.6 208.6'  178.6 1 5 2 ~ 5  130.3 111.3 9 5 ~ ~ 3  1)1028 49.46 
51.41 50.9b 13.70 3 7 - 5 2  3 2 - 2 3  2 9 - 7 1  23.85 dB056 l Y e 9 8  L9.29 
13.22 11.45 9.922 8.613 7.488 605U9  5 0 b d 6  6.363 603%? L 7 9 9  
3.33.1 2.923 20'69 2.261 1.992 1 - 7 5 7  L0552  6 - 3 1 1  Po214  1 - 0 7 5  
9 5 1  .P42 "755  .hbO e981 e5L5 0455 6 " 9 5 3  .S t0  
- 2 1 2  .23° e7Ca - 1 8 3  a160 0 0 3 9  ~ 1 2 1  .LJ5 - 0 9 1  0678 
.L'67 .C57 0 0 4 9  - 0 4 2  0 0 3 5  .030 -925 D O Z l  D 0 1 9  .005 
.V I2  .319 . C 1 8  e007 a005 -004  oOU4 .UJ3 .3O2 0002 
.OOI 
290.22 291 -14  2 8 6 9 2 0  2 ,79679 Z73057  267.45 261.33 25b.8A 268028  2 6 1 - 7 7  
235.27 229.77 222.37 2P5082  215.65 215.65 2 1 5 ~ b 5  215 -65  2%ba98  287.98 
219.17 220.37 '21.56 222.75 223.94 225.19 2 2 b e 3 i  227.51 229.49 231.57 
213*65  235.73 2 3 7 ~ 8 1  24C-22 2 4 2 0 7 0  245.LT 267.64 LSd.16 252 -58  255.05 
257.52 i50.99 Zb2.4b 764.93 267.99 269.86 2 9 Z s 3 2  275,79 215065 235.65 
215.65 215.65 275.65 236 -26  291.99 269.33 266.87 i 6 ( * 0 S k  2JL.98 2 5 3 - 9 1  
257.55 254.60 252.15 2 4 0 0 8 3  244.42 2 4 0 0 1 1  2 3 5 0 7 ~  h 3 1 0 B 9  2 7 6 0 5 9  222.48 
21fi.OR 213.68 2C9.29 2G409R 200.68 136.09 1 9 1 0 0 9  687.30 1 8 2 0 9 0  BT@a51 
174.12 169e72 166.33 1 5 5 0 1 2  165010  165.08 16Sou0 l65.u7 165008  265005 
165.U4 
3 -30  2.33 1.4R 0.96 00 6 0  %Jo 375 0 0 2 h F  Oo lEU 
8 . 9 5  5 0 4 2  3 . 6 0  2a28 1 0 4 2  O D  8 85 J0915 5 0 2 S &  
l (.U 5 - 9  .0100 7 0 8 8 0 0 0  01. 
I S l b T l P t i  YO. 722F2 PR9FILF NO. 2 C A S E  NO. 2 S 6 T  15. 2 
' 7 5  4 a  9 0  1+ 7 X l  b V l l  IN7  FLORlDA 
L'Tl.Y3 ?46.12 ZR6.3r 285.26 284.54 ZA3.66 .Zd36Aa 262.72 288,05 27q030  
277.b l  275.99 774.41 27ZoR3 27La21  Eb9-57 2 e l o 9 L  Zbb.26 2bOs59 282.86 
211.05 249.19 257.27 259 -33  2 5 h 3 6  253022 2nQ.ls 2 b b o P >  244-5s  i"2.15 
2 3 9 . 1 ~  237.21 234.67 211.13 229057  z a e o a 7  z .as .5~ 226.54 ea0,os h:".o9 
214.16 217.83 211.92 20=?015 2uao45  201010  2u>.ak 2 ~ 6 . 6 2  201.50 2o2,47 
LP1.53 200.63 190.82 199.r9 199.14 199 -37  2lju.Oh 2 ? l o h 4  202 -92  204.39 
ZC5.oO 227.55 ?('9.15 71C.59 212.16 213.81 215.5, 217.21 218.86 220.45 
272.C2 223.55 225.05 726.5<1 227.92 229.35 23J.65 23i.97 233.28 244.56 
236.8b 239.75 242.64 245.52 248.40 ZSl.2b 25bo12 2Sa.97 259.80 262.61 
265.13 269.25 269.40 269.40 267.05 26Za27  257.55 252.2b Z*l.&Z 230.54 
-0.17 -2.24 -0.91 0.30 1.63 2.97 c.24 -0.14 -1.42 -1.30 
-1.13 -0.97 - 0 . ~ 4  -n.72 - 0 . 3  -0.56 - 0 . 5 ~  -0 .5  -o.rz -0.4, 
-%24 0.0e C.41 U.71 0.98 1.30 1-64 1 1  2.08 2.19 
2.25 2.20 2.31 1 - 3 7  -3 .39  -2.40 -4.15 -6.25 -4.33 
-4.37 
-3.32 -2.28 -2.27 -2.23 -2.12 -1.81 -1.19 -0.49 0.30 L.16 
2.03 2.19 2.66 3.39 4.40 4.03 4 4.83 3.96 3.25 
1sOR -1.06 -3.27 
-3.09 '-2.92 -2.67 
-2.36 -Zs08  
-1.12 0.52 
1.17 0.83 0.44 0.37 0.19 0 - 2 7  0.33 d . 3 5  0.36 
-0.45 
-0.31 0.46 1.20 1 - 5 5  2.14 2.18 2 - 2 1  2.24 1.71 1.17 6 - 7 8  -0.59 -2.51 
-1.94 -1.43 - Z a 4 0  -2.32 -1.68 -6.12 
- 1 0 ~ 4 6  
1 1  2 
1023 1.*03870 
1000 1.080260 
850  7.859437 










.out ine  RAYTRA by D r .  Jose  Pomalaza. 
Appendix B 
SATELLITE-TO-SATELLITE RAYTRACING PROGRAM THRUWAY 
THRUWAY ray t races  between two s a t e l l i t e s .  The "atmosphere" i s  
divided i n t o  f o u r  regions .  
(1) The region between 4 km and RO (69 km) c o n s i s t s  of 
s p h e r i c a l l y  symmetric standard-atmosphere d a t a .  
(2 )  Above RO km, the  medium is assumed t o  be vacuum 
(3)  Between 2 and 4 km, the  atmosphere c o n s i s t s  of non- 
symmetric Hawaii d a t a .  
(4 )  Below 2 km, standard-atmosphere d a t a  a r e  again used, 
but  t h e  hor i zon ta l  g rad ien t s  a t  2 km a r e  c a r r i e d  
through t o  the  lower a l t i t u d e s .  
Because t h e  XDS Sigma-5 computer does not have s u f f i c i e n t  co re  s to rage  
f o r  a l l  t h e  Hawaii da ta ,  i t  is s to red  on a d i sk  ( ca l l ed  t h e  RAD, f o r  
Rapid Access Device) and p u l l e d  when necessary. 
5 .  
6 .  
7.  
3 .  
9. 
1  ,. 
11 .  
1 '. 
13 .  
14 .  
I S .  
16 .  
17 .  
1'. 
19. 
2 1 . 
21 .  
72. 








3 1  
3 7 .  
IPPL IC IT  f i ~ 4 1 ~ ~ 1 ~ 1 0 . R l  
R i A L t a  S T ~ P H I  , T H . C ~ ~ P H ~ . ~ ~ . C . ~ ~ ~ , ~ N ~ , ~ ~ . P H ~ F I , K J ~ ~ ~ ~ L J P ~ . ~ P . I H P . ~ H >  
Y E & L * ~  h l  .PH.THI ,  THI , T H P ~ E C , T H ~ , U , I ~ ~ . P S I ,  rtiols,iuh 
9thL.G P U M , ~ F L H r 5 c P l Z r 3 r ~ t  
P E A L * &  8 ( 5 D I i P n Z l E ~ > l . O R l 5 3 1  
REAL V 2 1 4 ? . 2 P I  
IE ITEtCO P N T . T I Y E S  
I T I G I T A I  H C r l A D  ~, . ... . 
:' LCT-!GAL P L D T ~ ~ ~ ~ : T ~ J ) ~ ~ P L ~ T P ~ ~ E H ~ V ~ P L O T P H ~ P L ~ I O ~  
CPMY?!i .. . THD1 S r T H N I . N / F L V / I f  LY, P L O ~ R . P L O T P ~ P L ~ T P H . P L L L I ~ ~ ~  
C C : M M . ' I  t j?  
T(lflY'1Y $ F P , ~ . C C ~ Z , U R  
D S L C I I ~ I = ! / D T . ~ S I U I  
DAB S I : i l U l = D b T A ~ i l u / n S U ~ T  1 1 - l l * i l I  I 
r O S 1  I s  THi(i I ~ l r F F M ' r T  I 'd S T A C T I N G  4YGLt P S I a  U c  1, T l l E  k A U I U S  i)F YHt E4RTH. 
P 3 P  I S  T i c  < 4 T ~ L L I 7 :  b L T l T l J 0 e .  W I G  I S  A  B I G  NUi l t lEAo U a t F U L  TO h d V E  QROUNO. 
lril I S  TI+: n z l G H T  'IF l i l F  "TL?Pt' I'F THE A790SFHE!.CI 5 5  I S  > * T E L L I T €  SEPARATION,  
P S I  I S  T A t  I N I T I A L  S T R i T l k G  b r i G L t r  4N" NUV I S  Tnr iwllliin UF RAYS 10 BE 
CAU'ICHF.>r hl$'AP I S  A  <URP. l l l lT IMF I n 4 1  R5AOS THT A - Y ~ J F I L ~  J & T 4 .  K I S  THE 
&:! lMHEQ IIC QJYS 5 1  F C ?  L A O ~ I C ~ I E I ~ ~  
S F 4 1  l 5 . S C l l  P 1 , I H P F E C  
I h I l ? l L . 5 1 ~ ~ I  U1.T*PCiC. 
A !  l 5 . * ? 5 1  S S , u S I  
' 4 9 1 T F I b v ' ~ ~ l  S S v F S 1  
PFnlS I 5 , l b J l  ,'lxl'.' 
u l C l T F  1 6 . 1 5 - I  V l lU  
C t L L  ' l ' i th3  
c c, = x '., + c 5 
i D S I - P S I  
> l = a E t 5 . l  
92=SF+ IC .C*  
K =  1 
5 0 1 7 1  V l J f  
h C L l i " . "  
K=b 
I t L l H  I 5  THE 5 T f  PPIP ' r .  Y 4 L ' I E  1 %  THC QLVT%P(INCI  R d U 1  & \ L .  
I l L l + = , . . ,  ,!,,< 
KEII' I'J,>.II I . S . ~ ; ~ . T ~ P R C C . P S I , P ~ ~ T H  
T ~ i i  I; Ti4F LCFT- r l 6 l . F  CF'IT+ZL A'lGLF r ( t 4 5 0 2 E J  L 1  lnr ~ u * F A C C  .1F THF t A R T n .  
T l w =  ~ ~ $ 6 S I h l S E I I - n P * ? l I  
< : i T i i P l h T  c f . V u b T u  o A ? L % T t R <  * L I W F \ I  T P ~ N ~ Y I T T I I . u  5 ~ 1 r L L I l t  Ah40 TOP LOGE OF 
4 T U , I F o H F R L  
~ . ~ - .  
,+* F "G*AT  I *  T f > V = ' . F l ? . 7 l  
T H l = - P I 7 - P S T + P L k C I Y I % J D f i ( I i i l ~ , C l  
*:I I T 7  l t . L 5 1  T l l l  
4 5  FnkMbT l *  T V l : ' ~ F l ~ . l j  
~ R = ~ ? ( * ~ ~ I ~ I T H ~ + T ~ I I ) I ~ c  
r 
t ~ A V T E C C I  'IS S:IIITIVC 
C 
C  
C  I V I T I b L I Z :  QAV,T6 b r  I Y G  Ph9AM;TFRS 
C 
t 9 ern r r  irk: ~ . . i t ~ a  c r n s o l r d r E s  UITH n u l G r N  n r  rtli Lclurt;. r l+ THE k a a r k .  I+ t s  
C THL C L I 5 C S T  APPFPACH A l T l l U I , i  J F  THF P b V s  S N  I S  T H c  i X : t S S  P A T H  L F N G W  O U E  
c T O  R E T P ~ D ~ T I O \ ~ .  1: I S  T H C  F X C F S S  P A T H  LEIIGTH uoc T L ,  a c n d ~ ~ i . .  PH B S  THE 
C  ANGLL RtT* iFFY THF O r ~ S l T l l l t 4  V t C T i l r i  R k3D 114: R 4 9 1 U S  IIF C U h V A I I W E  VECTOR PC'!. 
t N S T A R T  1 5  P.rl F Y T R V  I b  I 116FP I IT I l dC  \dNRFAL)r & S t 1  I >  eiY cldlkV I N  SULIUDU?!IC:: 
C N f F 4 0 .  
r=l. ixn@ 
P H = + T n I + P S I  
W Q I T F  I C l b l b )  D H  
b l h  F O R M 4 1  I' Pk4='.Fl2.71 
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FELR = 0.00- 
C A L L  v s r n ~ r ( r n , ~ ~ ~ r ! n x ~  
COIPHI = ocn: (PHI 
S I N P H I  = CSIW ( °HI , .  
R 5 = ' 1 5 +  j .59  
CALL i lSFT 
' L 
C v S H I F T  114 AN T h I T Y  114 SUBR'1IlTINt YNPtAD. THINuX 1> A PuKPNETEII ASSOCLdTED 
C WITW C A L L l N c  DATA Fur ,u  T h F  D I S K .  N ( F , T H I  I S  A L ~ L L  T J  FuYCTION SUBROUTINE 
C N ,  W H I C H  CDrP l lTFS W F  IUL,Fr flF SFFRaCTION AT ~ u > I T 1 u ; r  LK , rH I  I F  R I S  GREATER 
C T r A Y  4 K I  11R LFSS TuA~: 2 K Y .  Y?IIU,THI PEI\cI)CCS THL S 4 M t  *UNCTION FOR 
C Z < c C 6  UM. 
2 2  CPt4TIuuF 
I F  (TH.6i.THINOK.LYC. F ~ L F ~ L 3 7 ~ : l I  C4LL P l S H l F r  ( r H I I Y J X )  
9FPIV=.=bLS'. 
5015=3.5'> 
G I  Y l % ~ , ' , l < , l * )  
~ ~ ~ ~ I T ~ = ~ ' ~ V ~ ~ . T I I * T H P ~ S I - I N ~ ~  , 1 1 I - T H I J I i I  I f  ( ? * T H O I S )  
5. t l ~ h T l U l I F  
I F  l . . r , + . r 3 ~ 5 . 5 . r ~ c , F . L F . ~ 3 7 Z . 5 1  GU I n  $ 1  
I F  I " . L F . ~ 3 7 ~ . o . A ' l D . ~ ~ G F ~ b 7 7 3 . 1 1  t r l  T O  52 
I F  (O.(;E.621*1 GC T l  7 4  
~ ~ ~ ~ ~ = ( ' ! ( ~ - ~ ~ ~ ~ . T ~ I - Y Y I R + P o ~ ~ I T Y I I I ( z * E ~ ~ ~ ~  
6'1 r I :i 
c.* OM,.=I I ~ I G - J ~  I ~ , T H I - ! I I T + ; C I S , T U I I / I Z ~ R ~ I S ~  
CP 11 5 
52 C D I S = l . r C  
~ N ~ ! ~ = ~ ' I ~ ~ ~ ( R - U ~ I S , I H I - U P . ~ ~ ~ * ~ ~ ~ S . T H ~  I I I Z ~ A J I S I  
ti I n  q 
51 WI<=I ~ ~ ~ = - ~ ~ . I s , T H I -  ~ I ~ F + ~ X S , T H I I I ( Z ~ ~ ! ~ I ~ I  
8 C I N l I ' 4 u F  
otm r q = t , . . ~ @ ~  
c 
C CCuPllTF PC14 
C S P F C I L L  CASSLS E X I T T  Cllc O N l : U = , m .  Ipl Y I l l C H  C 4 1 t  RUH=Udl;. ii., 4 P P ~ ~ X I H 4 T I O N  TO 
I' INFI%ITY, a t l o  F r o   PI^='*, n n o i I ? i h T e L  s ~ v ,  ! t i  .-ILII C A S ~  3 ~ ~ 2 ,  THE INCREMENT 
C 1'1 ?, " ' IS1  3r  C l t * P l I T i G  )iCTGPDlNG TO A SLCL\G-rl.?r)cH ~ ~ P H J f I ~ ~ T I ( 1 N ~  VARIABLES 
C T Ahill I?' I W P Y V  PAOAqFTtPS 6 3 4  THC PL~ lTT lP jT ,  q ~ I I T l ' r r  PLJI. 
C 
IF ~ O ~ . I S I ~ Y Q P ) . L + . I . O C - ? I ~ I  ~ ~ ~ ~ V = . T S U E .  
R h l  = OLNI  
I r  ( c . 9 ~ .  :I 5" 11 2 
I F  ( P z ? l V )  G(t TI) r r  
Rlln = ~ ~ I ~ I ~ ~ N ~ ~ R * ~ ~ ~ ~ ~ H I - S ~ ~ I P ~ I * ~ ~ I ~ T ~ ~ R ~  
G l  T" 5 1  
6.1 ;.':!n=-NIG 
*&IT.' ( 6 . 7 3 ~ 1  P.TH 
t 1 C ' I t l T I  YUF 
C=AV* l  l . n - 9 C P S ( P S I I I  
WCIT? I h , l R : I l  C 
z CONIINLJF 
I F  (PH.NF.F.'IMI G? T n  2 7  
I F  I l r E L I V I  Gtl TP 6 2  
YOH = ~41/(OYCf i*COSoul  - S14PH1*0N0THIR)  
GO Tf l  6 3  
62 ROH=I)%IG 
Y E l T i  ( 6 . 1 3 n l  R.TH 
C C A L C l l L A T F  D F L P H 1 ,  QOH, 9 t L S N o  OCLRs  AND DELC 
C 
G n  rn 771 
2 1  @ ~ L T ~ l = ~ . l o ! ~ 3 1 ~ 1  
i Z 1  C l l N T I Y U E  
P H  = PH r n F . L P H l  
COSPH' = O C f I S l D H  1  
S I N V Y I  = D S I l 4 I P k l  I 
I F  O E H I V I  60 T r l  64 
R O H  ; h l / l O N C o * C Q S P H I  * S I M P H I 4 0 V n f H b B b  
GO TO 6 5  
6 4  9 1 H = ? U I G  
w p i r r  ( 6 , 7 3 0 1  Q , T P  
t85 C l l N T I  QIJF 
~ E L S  = S * ~ F L T H I C ~ S * H I  
O t L C  = ~FLS*II.?C'~-~COS~PH-PH!I 
DELY - D F L S U S I Y D M I  
r ) t -LS1:  = ( * ! I  - I " 0 5 1 s  
I F  (;lF(S,E9e1'.01 6" TO 23 
1 F! lHMlT I' * , ? P I ~ . l l  
TH = ~q + o E L T r  
6 1 5  F O R M A T  TH= ' .F IL .7 . '  P = ~ . F 1 2 . 7 1  
C = C * l F L C  
Y = P + o r ~ u  
C  
C I F  THE F a y  S T c I K € S  1 1 2  S U R F I C E  OF TWF E L P T H .  S T b P  k v t ' l l v C l h G  
C 
I F  1P.f;t.PFI G'J T r l  3nO 
O S I = Y S I + O P S I  
S l JF=N l lM - I  
~ E l r i  1 6 . 1 n 1 1  9.Nl.lW 
GO r n  4 
C  
C C L L L  P L n T T I N 6  0 0 U T 1 4 F S  
C 
1.3C CCNI I U U F  
I F  ( . ' 4~2T .PL1TP .nr .R .GT .PZD GO 70 9 
I F  I . % I T . R C G I N l  I T I  1,) 
745. C I F  THE P A Y  I S  bT W E  TPP OF THE 4TMOSPHEIF .  STOP R A V r k A L I I ;  AN0 Pa5 . i D  
746.  r *ITH L I N C ~ P  IYTFROIILATIO'~ 
7*7. C  
L C b L C t I L 4 T F  R b V P A T t I  P A C 4 P F T F P S  P I  L l N C P R  l h l T t F P u ~ P I T l w i  !-hdM POlhdT AT d H I C H  
C k 4 V  L E A V L S  AT'1,ISPWEiF TI1 P I l I Y T  AT WHICH I T  I l d T E K S t i T ~  S a I i L L I T F  O R B I T  
c 
2 3  TI4 = TH + W l T H  
WRIT'  I h . 7 7 ~ 1  n F L S  
fi = F I. D t L R  
C = C t O t L C  
SEI = Sf1 + OF1 5,l. 
c R I = ~ - D ~ L ~  
C = w - q C L ?  
TH=T?i-DELTH 
SIUI =S14-QFLSN 
C I = C - O t L C  
THIZTH-D'LTH 
5 L C I P ; = l D T I i l * r ' C n S l T H I  I - Q * W L T H * O S 1 N I T H I  I )  
~ L ~ J P : = S L ~ P ~ I I F * ~ ~ L T ~ I * D C ~ ~ ~ I T H ~ ) ~ ~ E L ~ * D S I N I  THI I I 
W R I T ?  l o , 1 7 5 1  P l . T W I  
1 7 6  FOPNLT  I '  f i 1 = ~ . F 1 2 . b r 5 1 9 ' T H I = ' , F 1 2 2 b l  
b R t = I 1 F L R * D C O S I T U I  I 
b a ~ = q * 1 1 1 1  T n * n s r r < I ~ n ~ ~  
A H G = ~ = ! I ~ L  T n . r r n s 1 1 ~ 1  I 
4 P H = O i L P * l ' S l h ( T H I  1  
C  
C SAVF Aln W R I T E  F C S U L T S  
r 
R I  I I = D H O = T  
R D 2 1 l l = b C L  
D E L R = A C L - 4 C L 1  
4 e C = A C L + O E L L / 1 ~ r 0 . L  
I F  1nCL l .FU .D I  GO TP 2 4  
PFL S = 1 A E ~ * A B C l l / ?  
U H l  I t =  -1@*D1oGl?rr4BS1DELRI/~oEL~aOPSI1) 
WRITE  1 6 r 1 0 2 1  1 , P R I I I  
7 4  L C N T I Y I J F  
A C L I = A C L  
4 H C I = % R C  
W P l T F  1 6 ~ 1 G U l  l r L Y 1 0 S l  
w a t r c  r 6 , i i o 1  ~ ~ ~ ~ ~ @ ~ ~ ~ C L ~ D E L L ~ Q D ~ P H ~ , F T , H ~ H ~ ~ . ~ ~ L H . L U L . ~ U Z , ~ ~ , ~ ~ ~ ~  
IF i . vOT .PLnTP I  G O  ~q 3 
s I P ( I , u ~ l l = ~  
S F P I ? . # + l  l = P t L  
'I C U H T I I U E  
P S l = P s I * O ~ S I  
T H Z z l W D  
n = P " l  
C  
C h E P F 4 T  qLVTQSClP lC ,  P T  hlFlrl S T A i i T l N G  BNGLE P S I  
r 
( 3 1  L PHASOQ IR~Z,PR,R,NIJUI 
I F  1 . f 4 n T n P L 1 1 P l  G l I  T? 1 1  
C A L L  7 h u Q  
15*9. < /  120 
" < . A . r  1 5  
. -  ~ 
C A L L  SCALE  I X S ~ V S I ~ S ' ~ C . Q ~ - I . Z ~ I  
C A L L  CUP0  1 1 5 0 i . 0 ~ - 1 . % r 3 1 0 , O . l 3 ~ 5 l  
U P I T S  I ~ k . l ' l l l  1 F l Y  
. . . - . . . . . - 
C A L L  P L ~ T  II,-O!,G.P.Y~I>I 
C A L L  n L r I T  I 2 . 7 1 6 0 . C 0 5 . ~ I  
K i N l l 4 - l + l  
C L L l .  PLOT ( ~ . S E P ( ~ I K I ~ S € P I I . K I D  
C A L L  D L n T  I l9Q'l40.C.,0.,.*b 
C r N T I Y U F  
I F  I P L t l T P V I  C B L L  OHPLOT I Q 0 2 s R ~ N U V I  
I F  1PL : lTnR l  C b l L  RRPLOT l R O 2 o D 8 o I d U " l  
G[l TO  1 
FORMAT I o O F L I S H f  nn.g ,A4.P SYPPT I f vG  b M G L C " r F l u o b r ~ A 3 . ' l  
FDQMCT l A 4 B  
FOPMAT 115.F15.CI  
FURYAT l o  9 LESS THAU R f o l l n  R = * . F l Z a R I *  NEW h U n - o l 1 6 1  
FDRuAT( 'OCFNTR.4L  dKGL€  I . * F l l . 5 . '  U t G . ' r 9 X t  ' L E N I R A L  A.YGLE ? = ' . F I O  
1 . 5 . '  DLP..'.I('XI'ST. L I h ' E  P4TH=' .F l2 .5 . '  I Bt. . (G lNb= ' rF9.3 . '  
U*.',l1X~'PFT4PDbTIC~*~,FY.3~* U . ' t l 7 X , * P h A S i  uc+ t : l - ' . f v . 3 r '  M . \ l  
U '  4 C l l J A L  RAY '46 IGHT=' rFLI .3 . '  UM.' r 1 3 X 1 ' ~ D P L R i N T  h 4 V  + c l ~ i I T = '  1F8.3. 
R 0  M U . ' ,  aX . 'UELT4  H='.F9.3,* K * . ' r l g  B I i Y U I N G  P N U t l = ' ' + l l o 8 , '  DEG. 
~ ' , 9 X ~ * 3 € h l O l V G  A N G L C Z = l . F 1 l . R ~ '  D E G . ~ r L O ~ X ~ ' I U T A L  b i h u l i Y ~ .  4 h G L E = ' . F I  
U1.5.' M 6 .  Q . / ~ P N G u L o P  ERROH= * , F 8 0 4 ~ ~  X U m 4 / l  
FORMAT 1 1 2 . 2 1 3 1  
F I lRW4T  1 5 F l 7 . h l  
~ . .  
3 0 6 .  7 2 0  FOP.*RT I % O E L S = b p n 2 ? o 1 3 1  
397 .  7 3 d  FOPHAT I ~ P N C Q = f i e U ~ 9 ~  R = ~ , F 1 S 0 8 . *  T N = v e F 1 5 0 d l  
30a. END 
399. C  
C 
C  T H I S  S U P 7 1 U T I ' i C  I U P U T S  I A T P  T ( l  T H E  P F O G R A C  4 Y V  l N 1 T l P ~ I f i 5  SOME 
C  V A R I 4 R L i S  
% E L L " ?  R 4 ! 3 1 S  
P F A L  ~ 1 1 1 2 5 1 , H 1 3 1 r ~ P f ~ I  
R F P L  ?1.141 
l W T C T F ?  1 U I 7 I  
c u t 4 n  SIAIIJA~C A T M f l s l t i t ~ F  Y - P ~ O F I L F .  ~ 1 1 1 1  
C 
C H I I I  G I V ' S  T H F  I l l M F I .  A l T I T l l P i  AT  WHICH T H k  V t * T I C & L  k r S 3 ~ U l l O N  OF T H E  
C i ) L T A  CiAU:.c5. H G I I I  G I V I S  T H t  C F S n L l l T I I 1 N  C S l l V t  r L T l T J D r  tllll. 
C I H L  I 1  G I g F C  THE I U D F X  hlUMbc2. 'IF 4 Q P A V  N L ( I l  L T  r n l C  THC H E S O L U T I U ~  
C  CMAh!GF'. 
" F 4 D  l i . l ' I l 1  IMllI,HklII,IHIII~l=lr3l 
Y 9 1 T r  l A . l ' I I 1  l~fll,H?lll,lnlll,l~l~31 
LlEnC' 1 5 . 1  ,.I I I , * 1 1 1 1 I ~ 1 = 1 ~ I Z j b  
~ E I T ~ L s . l i i ~ l  ~ ' l t l l r I = l . 1 2 5 1  
& . N 1 1 1 7 1  
B = V I  1 2 )  
C  
c 
FNT'Y L..C'I I ;T 
c PL-IT~,  P L Y T I .  . ' i n l o r  L Y ' )  ~ L J T ' J ~  C:IITF IL P L J T T I Y U  I - U U T I ~ ~ ~ .  
a r d o  n 1  D L P T ~ . P L ~ J T P  
W I T  ( t . 1 > 5 1  ~ L ~ ~ ~ . L I L - T P  
h E b l J  I I '  "Lf lT~M." I . JT l>R 
. .. . - 
DO I ?  J = ! * ?  
T H T s - 1 . ( 7  J 
1~ l n r r l ~ ~ * 2 . ~ ~ ~ l  
I ( T = 4 1 l J I  
T = Y l ~ F I L l T H T I / I I  
P . C T ~ ~ . , I S ~ T M T  I-'" 
I F  IP.7.T.1?.".1I.P.LT.- 9.") GO T O  1 3  
T 4 L L  ~ L 3 T I I . T . D I  
0 0  12 1.1 91'" 
THT=THT+?.~.II 
T = P T * F I i r ( T l l f  i l n l  
P = F T * r ~ l S I T I I T I - ~ E  
I F  1°.6T.12.C.1P.~.LT.- ? . ? I  CO T O  1 2  
C A L L  " L O T  f Z . T . P I  
I ?  C C N T I N U F  
3 C P N T l  'illi 
c 
C 
C I I T n V  l l S C T  
n r r r i = H f ? )  
* r l l s = H R l 7 l  
I N D I X z I H 1 3 )  
r:iurlbl 
7 C ~ N T J  .~II= , . 
P € Y I Y ' >  P" 
S T O P  
l ' J 0  C O f ' 4 4 1  I 9 F l l . 5 1  
1:I F D E V 4 T  f7F1'!,.6,15! . 
1 ,? F i l C Y A T  Is * . r l F l ^ . ~ )  
~ , 4  F r I S u 3 T  ( * F L I C M T  * . A + )  
l u 5  F O L Y L T  1 7 ~ 1 7 1  
F Y O  
C 
c 
~ ~ t ~ r t ~ e a n ~ n ~ n r ~ ~ n n * ~ d ~ ~ ~ ~ * f O ~ o * f i * i ~ ~ ~ ~ p . 4 ~ ~ ~ b b ~ ~ 4 * ~ ~ ~ ~ ~ ~ ~ ~ o ~ ~ ~ o ~ ~ o ~ ~ ~ ~ ~ ~ o o ~ ~ ~ ~ ~ ~ ~  
C 
C 
REAL F I I Y C T I O M  N * R I C o T H I  
r 
C T H I S  SIJPVr l lJTIVC C I U P U T E S  IHF I N D E X  OF flC.F?ACTllQk F U H  flli ~ ( L G I O I U  
c n m v c  4 ~ ' i  ANn P F L ~ I W  2 K Y  
C T H I S  SUP9 I I J T I N F  CnqPl ITFS THE I h n E X  nF ~ F F ~ A L I I C J ~ S  kiJn Tn: c~;I l lV  




C , ? .  
67L. 
t.. . 5. 








C ! L .  
615. 
C  
C T H I S  SIIP$.JI ITINF I N P U T S  AND M 4 N I P l I L A T E S  H 4 W 4 I I  DATA. THC H A W A I I  
C  t l A T P  I S  s E A 9  FQrW TAPE, U R l T T f N  EN D I S K ,  bF4n 4 i C t S S L U  FIUM D I S K  
C WHEN E C P l l l P l I l .  U Y l T  N0. R O  REFERS 10 9-TRACK MAG TnPt. U N I T  
C N(1S. 2 W h J C ,  2 1  P E F f F  TO 111SK ( C A L L E D  "RAD* I N  S IGMA 5 1 c h H l U O L O G V ~  
C 
R E b L I 3  R ~ l S , T H O I S ~ Q P I N , T H  
REAL  Y L I  L i ! . Z n l  ,NYASG 
P E A L  N 1 4 3 , Z O l  
I O C I C 4 L  P P l Y T  
E O U I V I L E Y C E  I N 1  r h ! l , I L R A Y G E r N U * I  
COMMOM TH01S .THMIN .N l  
cnrnnr ~ F L V ~ I F L I  
n * i r t  (I . l a a t  
W P l T F  I b . l O R I  N l A S E  
C I F L V  I O I Y T I F I f S  F L I G H T  NIIMRFR. MOPNGE IS TUE H O K I Z d N r A L  NUYBER OF 
C CIATP P I I I Y T S  1" THF H L U s l l  1 A T b  41)RbY. L R A N G t  I S  T n c  TO1.L YUMBER 
C l i F  W C P I Z J I T 4 L  O P T b  P n l Y T S .  
h U E h d  l S C ~ . L C 7 , F N ~ = 9 1  [ F L Y  
Y R l T F  l h . l l 7 l  I F L V  
R ~ C O I S J . I C ~ I  W2ArlGF 
Y P I T '  1 6 . 1 0 0 1  MRbNGE 
R l ~ D I ' 3 . 1 ~ 1 ~ 9 ~  L R A H G F  
V 9 1 T F  l b . I ? G I  L Q P K c F  
RDIS= .  15 
~ u n 1 5 = ~ 5 ? 1 1 s 3 i i  . ~ . * ~ R P Y c ~ I  
T H M l U = - T H P I S * L R A N G 5 / 2  
. . . . . . . . . 
00 3 J.1,'" 
3 N l l r J l = N l l , J I + Y R 4 5 F  
C PADqEd ,  ? rDWqT  B N 9  R A D P n  E E W l V l l ,  Y P l T e  O N  ANO R C A b  FnJM. KL-SPECTIVELY. 
C  T*' 11151 
C A L L  4 4 ! > 2 r * I 2 P l  
C A L L  s l l u ; T  l ? ? . h , R ' l : ~ r C ~ . d 5 r ~ r ; , & 5 0 1 1  
l N ! l i % = l ~ J l J ' A - ? ~ l / l ?  
I F  I I ' I l t X . L T . I I  GO TI) 11 
C A L L  ~ ~ C ~ F W I ~ I I  
Dn y U = l , l N n F X  . 
n - 1  r = ~ , c e  
v 1 I . l  I = ~ 4 1 1 ~ ! 8 t  
N 1 1 . 7 1 = N l l ~ l c l  
z 1  Y ~ I , J I = N ( I . ~ ? I  
? + 4 1 1 ? ? . 1 C I I  l l q l l , J l . 1 = I r 4 3 1 ~ J * L ~ Z z ~ b  
I F  I P r l Y l I  u a l T f  ( s r 1 < l 1  I ~ N I I I J I . I = ~ I ~ J I . J ~ ~ I Z V )  
nr, s 1-1 ,L.> 
?'1 5 J.4 .21  
5 % l I , J I = U I I , J l * Y I A S E  
11 C A L L  i A ! l U ? T  I 2 1 r N ~ 6 9 I r l ' r C 5 ' ! 2 r 6 5 1 ) 3 1  
1 2  MRf V=K IJb - I  l W D F X * l 7 + 2 $ l  
IF l*;tn.ro.ol cFTUkh1  
DO .r l = l . 4 . l  
5 4 l l . l  l = k ' l l r l R l  
~ 1 1 ~ ? l = N l l ~ I Q l  
4 6 * 1 1 , 3 l = V l  I . 2 1 , l  
K P F Y * K P F Y * ?  
f i F b ~ i 1 5 ~ 1 , 1 > 1 1  I I E ~ ~ ~ ~ J I . ~ = ~ . , ~ Q I . J = ~ , K R E M I  
I F  I P S l u T l  # P I T ?  l 5 1 l P l l  l I N l l . J l r 1 = 1 ~ 4 : l ~ J = 4 4 h h ~ M l  
K K K = K Z T U + l  
on 7 l = l , " l  
DP  7  J=KMY,ZQ 
Y I I . J l = h ~ S A S E  
n 1-1.49 
q0 b J * L . K P E P  
N I I , J l = S i I . J l + ' l W c S c  
C b L L  i A l n P 1  , 1 2 1 1 ' l l C ~ ~ r : . . I r 5 ~ 4 . L 5 0 5 1  
PE TlJSLI 
r. 
FNTCY ' 4 5 T l R T  i T ~ . f H l * i o n ~  
C  IJSTART P c A D \  T I ( f  I N I T I A L  S F 1  "F N-V4LIJES F S 9 M  THE U l S a  1NTd CQRE.  
T H * I ' ! = - T H P I F L R A N G F I ?  
T n a = i i t i u n l s  
T H I Y n X r T * Y I Y * T U ?  
I F  I T H . F F s T H I r 4 1 X )  GO 7 0  I 
C L L L  FASDFW I 7 5 1  
C A L L  4 a 0 Q D  1 2 @ r V . 8 u l r  P r C 6 ~ C r C 4 J I b  
C L L L  O L Q G C M  1 7 1 1  
GO T i ,  1 3  
1 C A L L  3 A D Q t d  1 2 1  1 
I N C = I  T I ( - I H M l t l l / T H b  
90 2 I - l r l N D  
, C A L L  ? A D G O  I 2 l . ~ . 5 P C , l , L 4 0 0 , c 4 3 1 1  
T H I ~ I @ X = T H l N D X t T H d * I N D  
T H M I U = I u I L ( O \ - T H 4  
GU 19 1 7  
4 0 J  WRITE 1 6 . 3 3 9 1  
R F T l l F N  




CNTQV 1 I S H I F T l T H I N ~ X I  
T. N S H I F I  R F 4 0 5  THE t F X T  SCT OF N-VALI IES FROM THE DL>< 1 Y T O  CUkE 
T H M l Y i T H I N I X  
T H l " l i ) U = T H I N D ~ a T H O l S * l 7  
C b L L  ' % O R 0  0 1  Q N . ~ B D O D I C ~ J ~ O G ~ O ~ )  
1 3  CON11  4UE 
* F I U R V  
5 d 6  WFITL I b t 2 0 2 l  
(ICTUQV ~.~ 
5 W 1  W R I T E  1 6 , 2 0 3 1  
Y FTORY 
I U O  FDRMaT  ( ( 4 1  
1iol FORMAT l ? l 1 6 F t . l ~ l r R F 5 .  l l  
l U 2  F i lRP4T  I 1 5 . 5 X , C l > a 6 1  
1113 FORM41  I ' l ' l I ' l l ~ ' ! N P I J 1  ) A T A ' / f l  
1 2 4  FOP'IZT 1 C l n . b l  
I O h  1 1 1  I ' . 5 1 F l @ . b o 5 X ) / I P  
1-1 CrJDMIT ( A 4 1  
1(?8 FI)RYAT I * NPACF-8 r F 1 2 0 6 1  
1 & 9  FCIQMPT I ' P R R l T T  FF'l'IHAT L 2 O l  
I FORM4T l L 7 I  
2~ ~ n o u ~ r  1 1  ;c.cns ~ r c  T ~ ~ Y R T  S T A T E Y F N T  YU.*,~&I 
2'>1 F f IRMbT I '  EOF FNCllUNTE9FD I N  RbnUFIT S T A P E f l E 3 f  % d m %  l C 1  
zuz F ~ Q W T  I 0 E w n a  i~ Y@.DPOQI 
2 d 3  CIlRMAT 1. F O F  FNCOIJ"ITFRE0 IN R A I R D ' I  
3 F O L Y A T  I *  F9ROY IN l Y l T l & L  P d D Q O o l  
C 
( + n * . * t o * r : : * r e t r r * * ~ ~ b i C t ~ ~ i l t ~ * ~ ~ * t * * * l i * ~ * * ~ * v b ; ~ * * * * ~ * * * * ~ w $ * ~ * b ~ * * * * * * * * * * * * * * * *  
C 
C  
S l lBE? l1T IUE  n H b S 3 k  IH ,QSrPHv  l T E 9 )  
C 
C T H I S  SU( ICJUTI ' Ic  l Y T r E P n L 4 T E S  @ E C t I V E D  Yt44SC U r F s C T  LNU PU*sR 4 1  
C  I K *  I:ITEQV&LS I N  S b T ~ L L I T t  S E P B P 4 T I O Y .  I F  A  C U L T l P L T M  Ih DETECTFn .  
C THF CEPA l lATE  A.13 Cl IMnlh lFO V A L t I € S  AT F 4 C H  1 Kt! I N l t l ( V 4 L  A * &  P R I N T E D *  
C 
I ~ l n ~ u S I f l t I  H l I T 5 ~ 1 . 0 s I 1 ~ 5 U I  . P H I I T E R 1 ~ P H 9 l I ~ ~ , I ) ~ U I I i l  
C C Y Y L ~ X  E I E T  
9 E l L  l * l l l P I / b . ? q 3 1 R . 5 /  
CliM*L.U / F L Y /  !FLY  
P H 9 S E l P l = b V L l P l O r 5 . ~ ' 3 2 I I ! ' ~ W 2 * T ~ O P 1  
~ ~ < ( I ~ = J * ( Z I  
nr' 1'1 l = l . l T F a  
1.1 U R I T ?  1 6 . 1  761 l ~ t i l l l ~ D u l l l  t U M 1 1 )  
H*l l " . l .FS 
H ? 4 1 = - 1 . F d  
D i l  1 I = l , l T c 2  
Y H - H I  I I 
I F  I 1  H.LE.HI1191 H * 1 9 = H U  
1  IF I,~.I.GF.'I*&XI n V h x = ~ r r  
G H = 4 1 ~ ! l l H M A K 1  
W R I T c  ( 6 . 1  'IUI':,HUAXI(;H 
W R I T E  1 + ~ 1 V 1 1  I F L V  
u a I T i  1 t . i 0 ? 1  
U U I I t  I h . l ~ ? l  
7 k . H = l i l  1  1  
L,W.. 
F I X  >:, 
no 4 I =~ . IT=U  
H H = * t l  I I 
I F  Itici.LT.'Iu) C.tl T*I 5 
I F  I;H.CT.hI!.n~.SM.LT.Hr) GO 10 6 
# CCNT I UIJc 
IvN=V' l t  1 
U P I i Y H L I - 1  I 
P u ? = P U l  I I 
~ . I I = . ~ ~ I I - I I  
D H 7 = I ' P I  I 1  
FAC= I ( ; i - I  M l l l H ' 4 - * H I  
O ~ ! ) I ' i V I = o ~ l * I C S 7 - P P I  *FbC 
VOL 1=1 ) * * I I ) n n ( w ! I  1 2 r ~ l  
P I = o n e s t  ( "01  I 
U 2 = P H L S f  I DP7 I 
P=PI+~Q?-OI l * c a c  
t i c  ' P L x ( v r L T * c n s ( p l , v f : L T a : r ! . i ~ u t ~  
E't;IT+C 
PH!1I'd*!I = P P l  t l P P 2 - P P I I  *FAC 
n ,a,<=,, A 
GC, r r  ,. 
2 l r  I~H.IT.HU.' IL.~:H.CI.I~L~I C.U TI> 6 
cn r~ .I 
4 C J h T I  VIIE 
I F  l r b d S I E T l . L ~ ~ ~ l 1  I 3 . 
V P L T = i  I * * L P G I ? I C A H S I F T I  I 
s'1 T'1 9 
709.  1 ~ 2  F l ? a Y l l T  I' S 6 T  S F P  E F L  S I C  AIIP B N L L E  IKI. S F  K 4 ' 1 S 1 ~  
7 ~ i i .  ~ ~ ~ x . * P Y c s ~  O F F F C T  I ~ P ~ V E I  P N O  P O W E R  ( B E L O ~ I ~ I  
7 7 1 .  1:13 F W U ~ T  I '  I K U I  ' ~ I X ~ ' I ~ R I ' ~ ~ X ~ ' I D E G I ~ I ~ ~ X ~ ~ ~ ~ E T ~ ~ >  &NO D B I ' I  
7 7 2 .  1 . ~ 4  F G P M I T  l 1 5 . 3 F 1 5 . 4 1  
77,. l i p  F(rZ,qdT I '  H Y I Y z ' ~ F ~ ~ . ~ . '  H r ( A X = % F 1 0 0 4 r '  G H = ' o F I ( I . ~ )  
7 7 4 .  1 c 6  F P F Y A T  I 2 I 4 6 X . 7 F 1 0 . 3 l  1 
7 7 5 .  1 ? 7  F O L H P T  I' 'I 
7 7 6 .  f NO 
777.  C 
7 7 b .  r 
77C.  C t c r r ~ ~ * i * * ~ n r ~ L I ~ b I 8 * * * b \ + * * l t * b * b b t . d U D I 1 ( 1 1 V V I O Q 1 1 ~ ~ * 0 0 0 ~ 4 L b ( 1 0 * ~ ~ 1 ~ * ~ 1 0 ~ 1 ) C l ~ t t ~ + t ~ ~  
7641. C 
7 6 ? .  C 
764. C T H I S  SlJR"OUT1;41 P C l T S  P H A S E  O F F t C T  A S  B F U L I C T l i l d  (IF S A T L L L I T E  
785. C s E P A r ~ T l ! l v  
. ... 
YV= 71?jo:1+8C5'. .  I 
C A L L  P A " L  
C A L L  CHAD I llii).0.8045.<,. L..l.OI 
U G l T k  1 1 2 1 1 0 ~ ~ 1  
C A L L  CU4G (15".'..7E95.C,.1, .1.0) 
U R I T L  I l L . l n 7 1  
~ ~ 
I F  l Y . L T . 1 9 0 0 . l l  Y=740n.0  
I F  IV.GT.R>SU.JI Y-RO5C.O 
C A L L  P L O T  l I , e l l l . Y l  
C A L L  0 0 1 4 7  ( 9 1  
DO 1 1 = 7 , J  
Y = Y Y - Q ' 3 ( 1 1  
I F  l Y . L T . 7 9 0 0 . l l  Y.79nC.1 
I F  IV.GT.PO50.Ol V.PQ5'1.J 
C I L L  P L C T  I O e R l  l l r Y l  
C A L L  P r l l * ! T I ? l  
C i l N T l  hlUF 
X = 1 6 3 2 . 0 * 2 . 7 / X 9  
C 4 L L  P L O T  l l 0 X , P 0 5 n . 3 l  
S E T U S ?  
F O R ' 4 b T  1 ' 9 1 5 0 ' 1  
F O R M I T  I ' P 9 C O ' )  
F O R V A T  ( ' 2 0 0 ' 1  
F n F M 4 T  l o 1 6 ' 3 0 ' l  




C * * * * r * t r r ~ * n r r s ~ + r * * ~ * ~ ~ I b ~ b ~ ~ ~ ~ t b ~ t b ~ ~ * * ~ * b * * ~ ~ * * b ~ ~ b b ~ ~ ~ b ~ e b ~ ~ ~ ~ * e * * ~ b b ~ ~ b b b ~ ~  
C 
C T H I S  S U R Q I l U T I N F  P L O T S  P E C F I V E D  PflYFR AS A F U h l C T l O N  JF S A T t L L l T E  
C S F P I P A T I O N  
C 
D l M E N S l f l Y  R D I J ) , O R I J I  
CnNrnv / F L Y /  !FLY 
X O = R . O / 3 0  
V 0 - 9 a 2 ! / 1 5 (  
V V = 7 9 1 3 . 0 + 8 1 5 0 .  n 
C A L L  R A H L  
CALL SCALF (KF.VJ1-3<1.0.8050.9l 
CALL ChAE l-25.3rdO4?.P..Z1.?.01 
YRITE I 1 4 ~ 1 7 4 l I F L Y  
C A L L  CHAR I-~~.O.,PO~~.~..I . .~,OI 
WRIT? 1 1 4 . 1 1 1 1 ' .  , 
* Y I T i  I 1 4 , l C O I  
c e L i  C H A P  1-30.?. 7895.0.. I..I,@I 
WRITE 114 .1021  
TALL GRlO (0,-30. ~ r 7 9 0 u . ~ ! . 5 . 1 r h l  
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Appendix C 
DESCRIPTION OF RAYTRAC ING PROGRAMS 
1. D e s c r i p t i o n  of RAYTRACE 
The t e c h n i q u e  used i n  RAYTRACE i s  based on S n e l l ' s  Law, which can  
be w r i t t e n  a s  C51 
where 7, is t h e  wavelength i n  t h e  medium and p is t h e  r a d i u s  of cu r -  
v a t u r e  of t h e  p a t h  fol lowed by t h e  ray  th rough  t h e  medium. Now, 
where n  is t h e  index of r e f r a c t i o n  of t h e  medium, c  i s  t h e  speed of 
l i g h t  i n  a vacuum, and v is t h e  f requency of t h e  wave. There fore ,  
and 
1 1 d n .  
- = - - -  
P n dp  
The t o t a l  d e i - k i t i v e  dn/dp" cab be w r i t t e n  as ( s e e  F i g .  59) 
- .. . . 
. . 
. , . , .  
.. . 
( p o s i t i v e  dB 
is c l o c k y i s e )  
-~ 
F i g .  59. COORDINATE SYSTEM AND REIATIONSHIP OF p 
TO dn /d r  AND dn/d8. 
where r and 8  a r e  p o l a r  c o o r d i n a t e s  wi th  o r i g i n  a t  t h e  c e n t e r  of t h e  
+ + Ear th ,  and i s  t h e  ang l e  between p ( t h e  r a d i u s  of c u r v a t u r e )  and r 
+ ( t h e  r a d i u s  v e c t o r ) .  Note t h a t ,  f o r  r po in ted  outward, dn /d r  i s  neg- 
a t i v e  f o r  a  normal a tmosphere .  Now, p can  be w r i t t e n  as 
n  
= ]dn/dr 1 c o s  fl - ( l / r )  (dn/d8) s i n  @ 
The f i r s t  term i n  t h e  denominator  is t h e  e f f e c t  of v e r t i c a l  g r a d i e n t s  on 
t h e  raypa th ;  t h e  second term is  t h e  e f f e c t  of h o r i z o n t a l  g r a d i e n t s  and 
is u s u a l l y  much smaller than t h e  f i r s t  term.  
The program o p e r a t e s  a s  f o l l o w s .  An "atmosphere" is g iven  t o  t h e  
computer i n  t h e  form of a tempera ture  p r o f i l e  ( t empera ture  v s  a l t i t u d e )  
and s u r f a c e  v a l u e s  of t o t a l  p r e s s u r e  and water-vapor p r e s s u r e .  From 
t h i s  in format ion ,  t h e  program c a l c u l a t e s  v a l u e s  of N ( t h e  r e f r a c t i v i t y )  
f o r  a g r i d  r e p r e s e n t i n g  a v e r t i c a l  s l i c e  of atmosphere.  Grid p o i n t s  a r e  
spaced  v e r t i c a l l y  1 km a p a r t  t o  a  h e i g h t  of 90 km and h o r i z o n t a l l y  eve ry  
15 mrad f o r  a t o t a l  h o r i z o n t a l  sp r ead  of 300 mrad, c e n t e r e d  a t  8 = 0. 
S t a r t i n g  a t  I3 = 0, t h e  program c a l c u l a t e s  t h e  v a l u e s  of t h e  cle- 
r i v a t i v e s  dn /dr  and dn/d0, de te rmines  t h e  a n g l e  @ between t h e  
4 
r a d i u s  of cu rva tu r e .  p and t h e  r a d i u s  v e c t o r  and u s e s  t h i s  i n f o r -  
mation t o  c a l c u l a t e  t h e  magnitude of t h e  r a d i u s  of c u r v a t u r e  p .  The 
program s t e p s  o f f  an increment dB of 0 .5  mrad, w i th  p he ld  c o n s t a n t ,  
and computes t h e  r e s u l t i n g  increment  i n  r. The new v a l u e s  of r and 
@ a r e t h e n  u sed  t o  c a l c u l a t e  a  new p, and t h e  p roce s s  i s  r epea t ed  un- 
t i l  t h e  ray  r eaches  a h e i g h t  of approx imate ly  65 km. A t  t h i s  po in t ,  a 
l i n e a r  approximat ion is used t o  complete  t h e  r aypa th  t o  t h e  sa te l l i te  
a l t i t u d e .  The program r e t u r n s  t o  t h e  , e  = 0 p o s i t i o n  and r e p e a t s  its 
c a l c u l a t i o n s  f o r  t h e  o t h e r  ha l f  of t h e  r aypa th .  A runn ing  t a l l y  of p a t h  
l e n g t h  and d e v i a t i o n  of p a t h  l e n g t h  from t h a t  of a  s t r a i g h t  l i n e  is main- 
t a i n e d ,  These t a l l i e s  a r e  used a t  t h e  end of t h e  run t o  c a l c u l a t e  t h e  
phase d e f e c t  t h a t  would r e s u l t  from such  a r aypa th .  The above procedure  
is repea ted  i n  each  run f o r  s t a r t i n g  a l t i t u d e s  ( a t  8  = 0 )  of 0  t o  30km, 
a t  1 km i n t e r v a l s .  
The e q u a t i o n s  used t o  de te rmine  9, r, S ( pa th  l e n g t h )  and C ( pa th  
d e v i a t i o n )  a r e  g iven  below. 
For  t h e  f i r s t  s t e p  ( a t  O = fi = O), a second-order  approximat ion is 
nece s sa ry :  
The program now s t e p s  t o  t h e  p o i n t  ( r + A r ,  8 + & )  and computes dn/dr 
and dn/dO a t  t h i s  p o i n t  ( u s ing  l i n e a r  i n t e r p o l a t i o n  between t h e  p o i n t s  
on t h e  N-grid). The v a l u e  f o r  @ a t  t h i s  new p o i n t  is computed by a s -  
suming t h a t  t h e  r aypa th  is  a  smooth c u r v e ,  which imp l i e s  t h a t  t h e  new 
v a l u e  of p t o  be computed a t  t h i s  p o i n t  w i l l  p a s s  th rough  t h e  c e n t e r  
of c u r v a t u r e  f o r  t h e  p rev ious  v a l u e  o f  p (see F ig .  6 0 ) .  This  l e a d s  
t o  
CENTER OF 
F i g .  60. RELATIONSHIP OF , p, 3 ,  r AND 3. Note pn and 
p a s s  th rough  t h e  same c e n t e r  of c u r v a t u r e .  
",+I 
The v a l u e  of i s  c a l c u l a t e d  f rom (C . 5 )  f o r  t h e  nex t  s t e p .  The Pn+l  
i nc r emen ta l  p a t h  l e n g t h  .AS,, is g iven  by 
Gn = rn& sec vn ( C . 8 )  
and t h e  i nc r emen ta l  p a t h  d e v i a t i o n  &, is g i v e n  by 
&,, = BnC1 - c o s  (On - @,)I 
F i n a l l y ,  t h e  new v a l u e  of &n+l  is c a l c u l a t e d  from 
&n+l = rnae t a n  13;, ( C . 1 0 )  
and,  u s i n g  r - 
n + l  - *n + Mn+l = Bn +AB, and B n + l  t h e  program b e g i n s  
t h e  new i t e r a t i o n .  
These  e q u a t i o n s  are d e r i v e d  i n  t h e  n e x t  s e c t i o n .  
2 .  D e r i v a t i o n  of RAYTRACE E q u a t i o n s  
D e r i v a t i o n  of t h e  f i r s t - s t e p  e q u a t i o n  I E ~ .  ( C . 6 ) I .  
-+ * In  t h e  b e g i n n i n g ,  Bo = flo = 0, and p l i e s  a l o n g  r :  
P cos Jr = 
P -4 I 
Because B1 and Jrl a r e  v e r y  s m a l l ,  
and 
S k e t c h  1 
Ly = p1 - P1 C O S  Jr = p ( 1  - c o s  Jr ) 1 1 1 
Because 2 J r  is a l s o  v e r y  s m a l l ,  c o s  = 1 - J r l 2  t h e r e f o r e ,  
1 
NOW, 
= (P, - &) t a n  
& p c o s  Jr tan - s i n  $I 1 1 - 1 
and 
N ~ ~ ,  if 4y = &($Il/2), t h e n  from Eq .  ( C . I l ) ,  
@Y 
r 
+ i l r l + r  = 1 




- r  - @Y 
- cos el 1 c o s a  1 
Because e = A@, 1 
which i s  Eq .  ( C . 6 )  
Sketch 3 
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Equat ion (C.10) is d e r i v e d  d i r e c t l y  from Ske tch  3 :  
Equat ion (C.9) i s  de r i ved  u s i n g  
. , . . , . 
,.. 
The q u a n t i t y  Nn r e p r e s e n t s  t h e  d i f f e r e n c e  between Mn and t h e  
l e n g t h  which can be. found a s  f o l l ows .  The a n g l e  OBE is given 
by 90" - 8 . Because OBD = @ and CBD = 90°, b y  s imple  a r i t h m e t i c  
n n 
ABC = On - Gn. Thus, 
KE = c o s  (0  - Gn) 
n n 
and 
which i s  ~ q . ,  ( c . 9 ) .  .. . . . . . ~ .  , . .
3 .  Descr ip t ion  of THRUWAY 
THRUWAY is a  program t h a t  t r a c e s  a  raypath between two s a t e l l i t e s  
i n  Ear th  occu l t a t ion  conf igu ra t ion .  It d i f f e r s  from i t s  predecessor  
RAYTRACE i n  t h a t  it begins t h e  raypath a t  one s a t e l l i t e ,  fo l lows  i t  
through space t o  t h e  atmosphere, t r a c e s  t h e  pa th  through t h e  atmosphere, 
and then o u t  t o  t h e  second s a t e l l i t e .  RAYTRACE began a t  what w a s  a r b i -  
t r a r i l y  des ignated  t h e  c e n t e r  of the raypath,  at a s p e c i f i c  a l t i t u d e .  
I t  t raced  t h e  raypath i n  one d i r e c t i o n  t o  s a t e l l i t e  a l t i t u d e ,  re turned  
t o  s t a r t ,  and then t raced  the  raypath i n  t h e  opposi te  d i r e c t i o n  out  t o  
s a t e l l i t e  a l t i t u d e .  The i n t e r s e c t i o n s  of t h e  s a t e l l i t e  o r b i t  w i t h  t h e  
raypath gave t h e  s a t e l l i t e  locat ior l  t h a t  would r e s u l t  i n  a  raypath  with 
t h a t  s p e c i f i c  s t a r t i n g  a l t i t u d e .  By s t a r t i n g  t h e  ray a t  d i f f e r e n t  a l t i -  
tudes,  it was p o s s i b l e  t o  i n t e r p o l a t e  t h e  r e s u l t s  t o  f i n d  t h e  c h a r a c t e r -  
i s t i c s  (phase d e f e c t ,  bending ang le ,  minimum a l t i t u d e )  of a  raypath f o r  
a  given s a t e l l i t e  s epa ra t ion .  
THRUWAY does t h e  same job, but a  b i t  d i f f e r e n t l y .  i n  RAYTRACE, 
t h e  independent parameter i s  the minimum ray a l t i t u d e ;  in  THRUWAY, t h e  
independent parameter is tlie s t a r t i n g  ang le  of t h e  ray .  A ray is 
"launched" a t  a  p a r t i c u l a r  s t a r t i n g  angle ,  and i t s  pa th  is t r a c e d  t o  
and through t h e  atmosphere and out  t o  s a t e l l i t e  a l t i t u d e  aga in .  The 
s t r a i g h t - l i n e  d i s t a n c e  between t h e  s t a r t i n g  po in t  and t h e  i n t e r s e c t i o n  
of t h e  ray and t h e  s a t e l l i t e  o r b i t  is des ignated  s a t e l l i t e  s e p a r a t i o n  
(SS). The s t a r t i n g  angle  i s  then stepped 1 mrad, a  new pa th  i s  ca l cu -  
l a t e d ,  and t h e  d e r i v a t i v e  d(SS)/da i s  ca l cu la t ed  (where O: is t h e  
s t a r t i n g  a n g l e ) .  This d e r i v a t i v e  i s  then used i n  an i t e r a t i o n  scheme 
t o  c a l c u l a t e  t h e  c o r r e c t  s t a r t i n g  ang le :  
I t e r a t i o n  cont inues  u n t i l  t h e  e r r o r  term 
rue  
- SSn is acceptably  
smal l .  
The advantage of THRUWAY is t h a t  it is no longer  necessary t o  
s t i p u l a t e  t h a t  t h e  c e n t e r  of t h e  raypath  must co inc ide  with t h e  c e n t e r  
of t h e  a v a i l a b l e  d a t a  s e t .  The s a t e l l i t e s  can be pos i t ioned  anywhere, 
a n d  t h e  r e s u l t a n t  ray  w i l l  b e  t r a c e d  r e g a r d l e s s  of where t h e  minimum 
a l t i t u d e  of t h e  p a t h  may f a l l .  
A program such  a s  THRUWAY became d e s i r a b l e  w i t h  t h e  a c q u i s i t i o n  of 
t h e  Hawaii d a t a .  With such  a  d a t a  set,  it is u n r e a l i s t i c  t o  a r b i t r a r i l y  
d e f i n e  t h e  c e n t e r  of t h e  r a y p a t h  as t h e  c e n t e r  of t h e  p r o f i l e ;  i n  f a c t ,  
t h e  in format ion  f o r  which we were s e a r c h i n g  might  be masked e n t i r e l y  by 
s u c h  an  assumption.  Thus, a program which cou ld  start a t  a  wel l -def ined 
t r a n s m i t t e r  and t r a c e  its way th rough  t o  a we l l - de f i ned  r e c e i v e r  was re- 
qu i r ed .  THRUWAY w a s  developed t o  m e e t  t h i s  need. 
Two forms of THRUWAY e x i s t .  One v e r s i o n  ( c a l l e d  HAWAII) i s  used on 
t h e  XDS Sigma-5 computer t o  r a y t r a c e  mountain-to-mountain th rough  t h e  
Hawaii d a t a .  In a d d i t i o n  t o  r a y t r a c i n g ,  t h i s  program a l s o  computes power 
d e n s i t i e s  a t  t h e  r e c e i v e r  d i s t a n c e ,  draws p l o t s  of index  of r e f r a c t i o n ,  
power, and phase a t  t h e  r e c e i v e r  d i s t a n c e ,  and t r a c e s  t h e  r aypa th s  them- 
s e l v e s .  The second v e r s i o n  r a y t r a c e s  from s a t e l l i t e - t o - s a t e l l i t e  th rough  
t h e  same low-reso lu t ion  atmosphere a s  does  RAYTRACE, w i t h  h igh - r e so lu t i on  
Hawaii d a t a  superimposed a t  t h e  lower  a l t i t u d e s .  
4. Mathematics of THRUWAY 
A l l  of THRUWAY is  d iv ided  i n t o  t h r e e  p a r t s  (F ig .  61) :  
( a )  t h e  s e c t i o n  of r aypa th  between t h e  t r a n s m i t t i n g  sa te l l i t e  
and t h e  upper  edge of t h e  atmosphere 
( b )  t h e  p o r t i o n  of t h e  r aypa th  a c t u a l l y  i n  t h e  a tmosphere  
( c )  t h e  p a t h  t r a v e r s e d  by t h e  r a y  on i t s  way t o  t h e  r e c e i v e r  
a f t e r  it has l e f t  t h e  atmosphere.  
In  t h e  f i r s t  and t h i r d  s e c t i o n s  of t h e  r aypa th ,  t h e  ray  t r a v e l s  i n  a  
s t r a i g h t  l i n e  a t  t h e  speed of l i g h t  i n  a vacuum. The ray  s lows down o r  
bends only i n  t h e  second p o r t i o n  of t h e  pa th .  
Because t h e  r a y p a t h  i n  ( a )  is a s t r a i g h t  l i n e ,  n o  rea l  " r ay t r ac ing"  
is involved.  One beg ins  a t  a g iven  p o s i t i o n  i n  space ,  say  (rS,Os),  and 
launches  a  ray  a t  a s t a r t i n g  a n g l e  a which i s  t h e  a n g l e  between t h e  
t angen t  t o  t h e  sa te l l i t e  o r b i t  a t  ( r s , 6  ) and t h e  r aypa th .  The prob- 
s 
l e m  is then  t o  de te rmine  a t  what p o i n t  ( r  , O  ) does  t h e  r a y  encoun t e r  
0 0 
F i g .  61. THE THREE POKTIONS OF THRUWAY. P o r t i o n s  1 and 3 a r e  
s t r a i g h t - l i n e  segments t h a t  l i e  o u t s i d e  t h e  a tmosphere .  Por- 
t i o n  2 is w i t h i n  t h e  a tmosphere ,  where t h e  r e f r a c t i v i t y  is 
g r e a t e r  t h a n  z e r o .  
t h e  a tmosphere  and what is t h e  i n i t i a l  r a d i u s  of c u r v a t u r e  v e c t o r  (p,@) 
at t h a t  p o i n t .  These  a r e  t h e  i n i t i a l  v a l u e s  f o r  t h e  a c t u a l  r a y t r a c i n g  
p r o c e d u r e  of p a r t  two of t h e  r a y p a t h .  In a d d i t i o n ,  a l t h o u g h  t h e  r a y  
d o e s  n o t  a c t u a l l y  bend w h i l e  it is i n  f r e e  s p a c e ,  it does  a c q u i r e  "bend- 
ing' '  which i s  d e f i n e d  a s  t h e  e x c e s s  p a t h  l e n g t h  caused by t h e  r a y p a t h  
b e i n g  l o n g e r  t h a n  a s t r a i g h t - l i n e  p a t h  between t h e  sa te l l i tes .  These 
p a r a m e t e r s  are i l l u s t r a t e d  i n  F i g .  62, and t h e  e q u a t i o n s  r e l a t i n g  them 
are d e r i v e d  i n  s e c t i o n  5. 
I n  (b), t h e  r a y  i s  i n  t h e  atmosphere,  and THRUWAY, l i k e  RAYTRACE, 
u s e s  S n e l l s s  Law t o  r a y t r a c e  through t h e  a tmosphere .  S n e l l ' s  Law can 
be w r i t t e n  a s  [51 
where A is t h e  wavelength  i n  t h e  a tmosphere  and p is t h e  r a d i u s  of 
c u r v a t u r e  of t h e  r a y p a t h .  For  t h i s  p o r t i o n  of t h e  program, t h e r e f o r e ,  
THRUWAY u s e s  e s s e n t i a l l y  t h e  same e q u a t i o n s  a s  d o e s  RAYTRACE. The d i f -  
f e r e n c e  l ies i n  how t h e  p a r a m e t e r s  a r e  i n i t i a l i z e d .  The impor tan t  pa- 
r a m e t e r s  f o r  r a y t r a c i n g  u s i n g  S n e l l ' s  Law are 
r , B  = p o s i t i o n  coordina tes  of t h e  ray 
p = r ad ius  of cu rva tu re  
$ = angle  between t h e  radius  of curvature  vec to r  and t h e  
p o s i t i o n  v e c t o r  
The o r ig in  of t h e  coord ina te  system is t h e  c e n t e r  of t h e  Earth.  
\ 
Fig.  62. SIGNIFICANT PARAMETERS OF THRUWAY. 
In RAYTRACE, i n i t i a l i z i n g  these  parameters i s  not d i f f i c u l t .  Because 
the  s t a r t i n g  pos i t ion  of t h e  ray is an independent parameter, r and B 
a r e  determined immediately. S imi lar ly ,  because t h e  ray i s  cons t ra ined  t o  
s t a r t  ou t  ho r i zon ta l ly ,  t h e  angle between t h e  radius  of curvature  vec to r  
and t h e  p o s i t i o n  v e c t o r  i s  zero  (@' = 0 ) .  The radius  of curvature  is com- 
puted immediately by use  of Eq .  (C.5). Although the  a c t u a l  i n i t i a l i z a t i o n  
of parameters poses no problems, t h e  f i r s t  s t e p  in  the  r ay t rac ing  does. 
I t  is necessary t o  go t o  a  secondrorder approximation f o r  &c because 
the  f i r s t - o r d e r  express ion  u s e d t o  compute Dr along the  raypath y i e l d s  
a  value of ze ro  i f  @' = 0. 
In b o t h  RAYTRACE and THRUWAY, t h e  independen t  p a r a m e t e r  i n  t h e  
r a y t r a c i n g  is t h e  c o o r d i n a t e  8 ,  and A6 is set t o  some c o n s t a n t  
v a l u e  ( u s u a l l y  0.5 mrad) .  Because of t h i s  f i n i t e  s t e p  siee,  THRUWAY 
does  n o t  have t o  u s e  second-order  approx imat ions  f o r  b, u n l e s s ,  of 
c o u r s e ,  t h e  r a y  e n t e r s  t h e  a tmosphere  a t  a v a l u e  of 9 which is a n  
i n t e g e r  m u l t i p l e  of t h e  s t e p  s i z e ;  t h i s  is a n  e x t r e m e l y  remote  p o s s i -  
b i l i t y .  
I n  ( c ) ,  t h e  r a y p a t h  i s  t h e  segment between t h e  edge of t h e  atmo- 
s p h e r e  and t h e  r e c e i v i n g  s a t e l l i t e .  A s  i n  ( a ) ,  t h e  r a y  t r a v e l s  i n  a 
s t r a i g h t  l i n e ,  and one must d e t e r m i n e  how much bending is accumulated 
as t h e  r a y  approaches  s a t e l l i t e  a l t i t u d e .  T h i s  segment of t h e  program 
is i d e n t i c a l  t o  t h e  c o r r e s p o n d i n g  segment of RAYTRACE. 
5 .  D e r i v a t i o n  of THRUWAY Equa t ions  
The e q u a t i o n  r e l a t i n g  r s. eS, ro, go, p,  and , and t h e  e x p r e s -  
s i o n  f o r  bend ing  i n  p a r t  one of t h e  r a y p a t h ,  can  be d e r i v e d  from F i g . 6 3 ,  
which i s  a segment of F i g .  62.  
F i g .  6 3 .  A SEGMENT 
OF FIG. 62,  SHOW- 
ING THE PARAMETERS 
I N  GREATER DETAIL. 
I t  is useful t o  es tab l i sh  a  re la t ionship between eo, a and Jr 
(which i s  the angle between the raypath and the l i n e  connecting the 
s a t e l l i t e s ) .  From Fig. 63, 
Because 
we have 
$ = e  - p r  
0 
Also, 
Now, from the law of s ines ,  





s i n  (90' + p') 
r 
s  
s i n  (90" + @ ) = - s i n  
r o  
[go0 - ( 8  - $)I 
r 
s i n  (90" + @) = 9 cos (8 







where r is the  s a t e l l i t e  a l t i tude ,  ro is  the a l t i t u d e  of the upper 
S 
layer of the atmosphere, a is the "bending angle" or "start ing anglett 
of the ray, and is given by Eq .  (C .2). 
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